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Preface

This book is titled “Hydrocarbon Pollution and its Effect on the Environment”. 
The book provides an overview on hydrocarbon identification, contamination, 
and measurement techniques. “Hydrocarbon Pollution and its Effect on the
Environment” takes a broad view of the subject and integrates a wide variety of
approaches. This book attempts to address the needs of graduate and postgraduate
students, as well as chemists and other professionals or readers interested in food, 
soil, water, and air pollution. The aim of this book is to explain important studies, 
and compare and develop the new and groundbreaking measurement techniques. 
Written by leading experts in their respective areas, the book is recommended to
professionals interested in environmental and human health because it provides
specific and comprehensive examples.
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Chapter 1

Introductory Chapter: Sources, 
Health Impact, and Environment 
Effect of Hydrocarbons
Muharrem Ince and Olcay Kaplan Ince

1. Introduction

Pollution control and environmental protection have become a worldwide issue 
of concern. The aliphatic hydrocarbons (AHs), aromatic hydrocarbons (ArHs) such 
as benzene and toluene, and polycyclic aromatic hydrocarbons (PAHs), includ-
ing benzo[a]anthracene, benzo[ghi]pyrilene, and benzo[a]pyrene, are persistent 
organic pollutants (POPs) for ecosystem. These hazardous pollutants are risky 
because of mutagenic, carcinogenic, immunotoxic, and teratogenic effects. These 
components threaten all life forms ranging from microorganisms to humans when 
they are released into the environment especially via human activities. The aim of 
this study is to provide up-to-date information on the various hydrocarbons present 
in the environment, routes of exposure, and their adverse impact on environment 
and human health. There are two major categories that contain hydrocarbons; these 
are aliphatic and aromatic compounds (Figure 1). While aromatic hydrocarbons 
contain at least one benzene ring, the other group called as nonaromatic or aliphatic 
does not contain it. The basic structure that forms aromatic hydrocarbons is the ben-
zene ring. On the other hand, petroleum hydrocarbons (PHCs) comprised of carbon 
and hydrogen atoms which are organic compounds. They have varying structural 
configurations with physical and chemical characteristics. They can be broadly clas-
sified as gasoline range organics (GROs) and diesel range organics (DROs). The first 
group that is called GROs comprises monoaromatic hydrocarbons including toluene, 
benzene, and ethylbenzene. This category has short-chain alkanes ranging from 6 to 
10 C. The second group that is called DROs has longer C-chain alkanes from 10 to 40 
C, and this category contains hydrophobic chemicals including polycyclic aromatic 
hydrocarbons (PAHs) [1, 2]. These compounds, in contaminated ecosystem, are 
considered to be one of the most stable hydrocarbon forms. The PAH molecular 
weight is the main factor to determine their origin’s level in earth. There are two PAH 
sources: natural and anthropogenic. Both sources are important and remarkable. 
Because of natural and anthropogenic activities, these pollutants are irregularly 
distributed throughout various levels and locations to all over the world. Various 
studies have revealed that PAHs have carcinogenic, teratogenic, and mutagenic 
effect on human health [3, 4]. The main skeleton of these compounds, classified as 
organic pollutants, consists of two or more benzene rings. The extensive nonpolar 
contaminants are detected in petrochemical products including coal, oil, and tar. 
Another significant source of hydrocarbons is also incomplete combustion [5–8]. 
According to researchers, because of ecotoxicological risks and potential sources, 
26 AHs and 16 PAHs causing concerns for ecosystem are categorized as carcinogen 
or mutagen by the United States Environmental Protection Agency (USEPA). These 
ecotoxicological compounds include benzo[a]pyrene, benz[a]anthracene, etc. 
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The USEPA mentioned that there are 126 major pollutants in the environment, 25 
of them were threatening and 5 were extremely dangerous for the environment. For 
example, some health institutions including the USEPA and International Agency 
for Research on Cancer (IARC) mentioned that benzo[a]pyrene that is a member of 
PAHs is carcinogenic for animals and humans [7, 9–11].

2. Sources of hydrocarbons

The major hydrocarbon sources are petroleum and petroleum combustion; how-
ever, their emission sources can be classified as phytogenic (natural), petrogenic, 
and pyrogenic. To recognize pollutant type and migration, circumstances play a key 
role for their origin [12]. Hydrocarbons can enter to the environment via dispersion, 
evaporation, dissolution, adsorption, and other processes including petroleum 
and petroleum combustion [13, 14]. Petrogenic sources generally pollute ground-
water and threaten the environment because petrogenic source products including 
lubricants and fuels leak from the tanks and release into the environment [15]. The 
USEPA specified 16 priority PAHs in a petroleum source, namely, alkylated naph-
thalene, dibenzothiophene, fluorene, phenanthrene, and chrysene series [16]. The 
pyrogenic PAHs are produced during the fuel combustion because there are suitable 
conditions that are high temperature and absence of oxygen. Also, pyrolysis of fat 
and incomplete combustion besides power plants are the most prominent hydrocar-
bon sources [17]. Hydrocarbons and their derivatives are a significant environmental 
concern due to their extensive use and toxic mechanism action, and these products 
are highly available in aquatic medium [18, 19]. Industrial activities and chemical 
plants produce PAHs, and they are considered as petrogenic and natural PAH sources 
[20]. During fat pyrolysis and incomplete combustion processes, anthropogenic 
emissions of PAHs are released into the environment [7, 8]. On the other hand, PAH 
sources were classified as natural, industrial, domestic, agricultural, and mobile by 
Ravindra et al. [21]. Hydrocarbons are usually generated by various sources includ-
ing wildfires, oil seepages, volcanic activities, and other sources. Moreover, these 
natural hydrocarbons are mainly produced during organic material chemical conver-
sions in microorganisms, fungi, plants, sediments, etc. [16, 22–24].

3. Health threat and environmental impact assessment

Recent studies have recognized the effects of toxicity, mutagenicity, and car-
cinogenicity of hydrocarbons. Increasing contamination level of these pollutants 

Figure 1. 
Hydrocarbon classification [42].
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in environment especially in aquatic media is a significant environmental concern 
because they are used frequently and show environmental toxic effects [25–28]. The 
USEPA and World Health Organization (WHO) classified PAHs and total petroleum 
hydrocarbons (TPHs) as POP groups in marine and coastal environment [29, 30]. 
The most of PAHs have been banned by health authorities due to their long half-
life, wide distribution, and high bioaccumulation in the food chain, as well as their 
potential for toxicity to humans, because these compounds are highly lipid soluble 
and these toxic chemicals can bioaccumulate from environment to the gastro-
intestinal tract of mammals [25, 31]. When animals and humans are exposed to 
hydrocarbons, it is probable that they have various health problems because they are 
vulnerable and endangered against these components. Research on some hydrocar-
bons including benzo[a]pyrene, pyrene, and benzo[a]anthracene have revealed that 
these compounds have carcinogenic and mutagenic effect [7, 8, 11, 32, 33]. During 
certain time frameworks and under given conditions, assessment of environmental 
impact is a very important systematic process. To measure the actual or potential 
impacts including psychosocial, physical, microbiological, and chemical hazard on 
the health case of humans or environment has a vital role [34–36]. After the obtained 
series of critical data from monitoring studies, quantitative environmental impact 
assessment (EIA) can be made. To provide better view for evaluating POP exposure 
and their adverse health effect on environment and human requires critical data 
obtained from the environment [37–39]. The EIA has several key stages, and it covers 
the risk level of all types of ecosystems. These stages are summarized in Figure 2. 
The EIA includes all activities which attempt to analyze and evaluate the effects of 
human stresses on natural and anthropogenic environments [36, 40–43].

4. Conclusion and future perspectives

The main aim of this study is to provide contemporary information on a variety 
of hydrocarbons present in the environment, exposure routes, and their adverse 
effects on ecosystem. Hydrocarbon sources, human health impact, and effect on 
the environment have been thoroughly investigated and presented. In light of this 
information, generated by natural or anthropogenic sources, hydrocarbons’ muta-
genic, teratogenic, and carcinogenic characteristics have caused serious concerns 

Figure 2. 
Environmental impact assessment stages.
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in today’s environment; thus, various remediation techniques are needed to remove 
these hazardous chemicals from the environment. Therefore, some suggestions 
were presented as:

• All health authorities should develop standard methods for analysis of hydro-
carbons and share it for all researchers.

• Researchers should develop more various remediation techniques available for 
hydrocarbons, and they should be applicable on every aspect of the environ-
ment such as soil, water, and air.

• After the treatment process, developed remediation techniques should not 
leave behind any second pollutant.

• Ecological risk assessment should be evaluated using the risk quotient.

• Techniques for removing hydrocarbons from the environment should be 
developed, but it is important that preventive measures can be taken to prevent 
these pollutants from entering the food chain and environment.

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
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• Researchers should develop more various remediation techniques available for 
hydrocarbons, and they should be applicable on every aspect of the environ-
ment such as soil, water, and air.

• After the treatment process, developed remediation techniques should not 
leave behind any second pollutant.

• Ecological risk assessment should be evaluated using the risk quotient.

• Techniques for removing hydrocarbons from the environment should be 
developed, but it is important that preventive measures can be taken to prevent 
these pollutants from entering the food chain and environment.

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Source and Control of 
Hydrocarbon Pollution
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and Varun Rawat

Abstract

Hydrocarbon contamination is of great worry because of their widespread effect 
on all forms of life. Pollution caused by increasing the use of crude oil is ordinary 
because of its extensive application and its related transport and dumping prob-
lems. Crude oil contains a complex mixture of aliphatic, aromatic, and heterocyclic 
compounds. Soil naturally consists of heavy metals, and due to human action like 
refining of oil and use of pesticides, their concentration in soil is rising. Several 
areas have such high heavy metal and metalloid concentration that surrounding 
natural ecosystem has been badly affected. The reason is that heavy metals and met-
alloids limit microbe’s activity rendering it unsuitable for hydrocarbon degradation, 
thus reducing its effectiveness. Environmental remediation is thus extremely neces-
sary and involves with the elimination of pollutants from soil, air, and water. In 
the last several decades, different methods have been employed and applied for the 
cleanup of our environment which includes mechanical, chemical, and biochemical 
remediation methods. The hydrocarbon pollution consists of many aspects like oil 
spills, fossil fuels, organic pollutants like aromatics, etc. that are discussed below.

Keywords: aromatic hydrocarbons, organic and inorganic pollutants, 
bioremediation, chemical remediation

1. Introduction

Contamination of hydrocarbon occurs due to toxic organic substances, petro-
leum, and pesticides which is a serious concern for the environment. Contamination 
caused by petroleum hydrocarbon is a matter of worry because these are harmful 
for various life forms. Crude oil contamination is common due to its extensive use 
and its related dumping process and accidental spills. Complex mixture of a large 
range of high and low molecular weight hydrocarbons makes up the petroleum. The 
complex mixture of petroleum consists of saturated and branched alkanes, alkenes, 
and homo- and heterocyclic naphthenes; aromatics consisting of heteroatoms such 
as heavy metal complexes and N, S, and O; hydrocarbon consisting of different 
functional groups such as ethers, carboxylic acids, etc.; and large aromatic mol-
ecules such as asphaltenes, resins, and naptheno-aromatics.

Heavy metals are present in crude oil, and its heavy metal content is associ-
ated with porphyrins which is the pyrrolic structure. Lube oil waxes, light oil, 
asphaltenes, naphtha, diesel, kerosene, etc. are the several fractions in which the 
petroleum is refined. Light ends is the term that is used for the light fractions which 
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are distilled at atmospheric pressure, and heavy ends is used for heavy fractions 
such as asphaltenes and lube oil. Due to different hydrocarbon compositions of light 
and heavy ends of petroleum, light ends consists of a lower percentage of aromatic 
compounds and lower molecular weight saturated and unsaturated hydrocarbons, 
while heavier ends consists of higher molecular weight saturated and unsaturated 
hydrocarbons, aromatic compounds with high molecular weight, and organometal-
lic compounds. This part is relatively affluent in metals and nitrogen, sulfur, and 
oxygen-containing compounds [1].

Concentration of heavy metal is rising in the soil as a consequence of human 
action. There is a large impact of higher heavy metal and metalloid concentration in 
some areas [2].

2. Hydrocarbon pollution

This is caused mainly by accidents on oil platforms and ships used for hydro-
carbon transportation but also by discharging water into the sea which is used to 
wash tanks of tanker vessels. Crude oil and petroleum products form a waterproof 
film on water that prevents the oxygen exchange between environment and water 
causing damages to plants, animals, and human beings. Nowadays during transport 
overseas, “double-hulled” tankers are used to avoid leaks in case of accidents. Best 
international practices are adopted with regard to oil platforms to face or eventually 
adequately deal with any type of inconvenience.

3. Organic pollutants

With the onset of industrialization, the use and buildup of organic compounds 
have increased. Major sources which are responsible for organic contaminants are 
anthropogenic activities including the use of fuels, solvents, and pesticides. Various 
organic compounds are harmful and are related to health concerns globally.

Diverse sources are responsible for the generation of hydrocarbons in sediments 
which are categorized below [3, 4]:

• Anthropogenic sources

• Petroleum inputs

• Partial burning of fuels

• Fires of forest and grass

• Biosynthesis of hydrocarbons by marine or terrestrial organisms

• Diffusing from the petroleum source rocks, reservoirs, or mantle

Organic pollutant is responsible for environmental and health-related problems; 
hence bioremediation provides an efficient explanation to this problem [5].

3.1 Polycyclic aromatic hydrocarbons (PAHs)

PAHs are considered to be ubiquitous contaminants. There are 100 diverse com-
pounds of polycyclic aromatic hydrocarbons present. PAHs are seldom used for the 
industrial purpose, but only few are used for the manufacturing of pesticides, dyes, 
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and plastics and for the production of medicines. Polycyclic aromatic hydrocarbons 
are produced on partial burning of organic matters [5]. PAHs due to carcinogenic 
and mutagenic nature are highly poisonous to organisms. The degradation of PAHs 
is predominantly slow with high molecular weights because due to low hydrophobic-
ity and water solubility it has a tendency to accumulate in sediments [6]. PAHs have 
been classified as a priority pollutant by the USEPA which has classified 16 individual 
PAHs as pollutants due to its poisonous, carcinogenic, and mutagenic nature [7].

3.2 Polychlorinated biphenyls (PCBs)

Polychlorinated biphenyls (PCBs) due to carcinogenicity, toxicity, and slow 
biodegradation in the nature are well thought-out to be the worst pollutants [8] of 
commercial PCBs of about hundreds of thousands of metric tons are persevere in 
aquatic sediments [9]. In adhesives and lubricants, dielectric fluids in flame retar-
dants, transformers, hydraulic fluids, and plasticizers, PCBs are widely used. PCBs 
are released from disposal and spillage [10].

3.3 Polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs)

Polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs) are still 
present in deep sediment layers which are deposited decades ago. Toward biotic and 
abiotic degradation processes, PCDD/Fs are often well-thought-out to be recalci-
trant [11]. PCDD/Fs are the most notorious pollutants present in nature [12].

Table 1 Microorganisms studied.

Pollutants Organisms Function References

2,4,6-Trinitrotoluene 
(TNT)

Methanococcus sp. Biotransformation Boopathy and 
Kulpa [13]

Atrazine Pseudomonas sp. (ADP) Biodegradation Newcombe and 
Crowley [14]

Chlorpyrifos Enterobacter strain B-14 Biodegradation Singh et al. [15]

Dibenzothiophene (DBT) Rhizobium meliloti Biodegradation Frassinetti  
et al. [16]

Hexahydro-1,3,5-trinitro-
1,3,5-triazine (RDX)

Acetobacterium paludosum Biodegradation Sherburne  
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Polycyclic aromatic 
hydrocarbon (PAH)
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Rhizobium sp. Damaj and  
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Fungi Atagana [23]

Table 1. 
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Hydrocarbon Pollution and Its Effect on the Environment

10

are distilled at atmospheric pressure, and heavy ends is used for heavy fractions 
such as asphaltenes and lube oil. Due to different hydrocarbon compositions of light 
and heavy ends of petroleum, light ends consists of a lower percentage of aromatic 
compounds and lower molecular weight saturated and unsaturated hydrocarbons, 
while heavier ends consists of higher molecular weight saturated and unsaturated 
hydrocarbons, aromatic compounds with high molecular weight, and organometal-
lic compounds. This part is relatively affluent in metals and nitrogen, sulfur, and 
oxygen-containing compounds [1].

Concentration of heavy metal is rising in the soil as a consequence of human 
action. There is a large impact of higher heavy metal and metalloid concentration in 
some areas [2].

2. Hydrocarbon pollution

This is caused mainly by accidents on oil platforms and ships used for hydro-
carbon transportation but also by discharging water into the sea which is used to 
wash tanks of tanker vessels. Crude oil and petroleum products form a waterproof 
film on water that prevents the oxygen exchange between environment and water 
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4. Inorganic pollutants

Human sources are mainly responsible for the heavy metal contamination, but 
contamination due to natural and biological processes are also common which 
includes:

1. Mineral weathering over time.

2. Erosion and volcanic actions.

3. Forest fires and biogenic resource.

4. Vegetation causes release of particles.

Cellular binding sites of microbes are responsible for the absorption of heavy 
metals. By various mechanisms, heavy metals can be complexed with extracel-
lular polymers of microbes. Organic contaminants can be mineralized by these 
microorganisms and convert into metabolic intermediates which can be utilized 
as primary substrates for growth of the cell. Heavy metals can be eliminated from 
the metal-polluted soil by microbes which can change the heavy metal oxidation 
state by immobilizing them [24]. Research on bioremediation of heavy metals by 
microbes has not been carried out extensively due to metal adsorption and incom-
plete knowledge of the genetics of the microbes.

5.  Sources and effects of hydrocarbon-contaminated wastewater 
effluents

Numerous sources such as pesticides, petroleum, or different harmful organic 
substances which are discharged into the water streams as effluents are responsible 
for the hydrocarbon pollution into the wastewater. Water contaminated with 
hydrocarbons is known to be carcinogenic, neurotoxin, and mutagenic to flora and 
fauna [25]. Contaminated lands, oil spillage, pesticides, automobile oils, and urban 
stormwater discharges are the major causes for the hydrocarbon contamination.

Oil spill is one of the major sources of hydrocarbon contamination. Oil spills 
caused mainly by accidents on oil platforms and ships are needed for transporta-
tion of hydrocarbon but also by disposal of water into the sea which is used to wash 
tanks of tanker vessels [2]. Underground oil storage tanks and leaking pipelines are 
also responsible for oil spilling in water [26, 27].

Increase use of vehicles and automobiles leads to increase in utilization of 
automobile oil, which is the major cause of hydrocarbon contamination in water. 
This type of contamination occurs when oil from the car drops onto the ground and 
leaks; it could be washed into water streams by runoffs [28].

Pesticides are another source of hydrocarbon contamination in water. Pesticides 
include herbicides, fungicides, and insecticides. Only small amount of pesticide is 
able to achieve the target, while the major proportion stays in the soil, and it can be 
washed away by the rain in the water stream [29]. Herbicides, out of all the pesti-
cides, are most hazardous because it is directly applied on the soil in order to kill the 
weed and can be washed away during rainfall into the water streams.

Another source of hydrocarbon contamination in water is the land where 
some type of industrial action is being carried out. These lands contaminated by 
hydrocarbons or toxic organic compounds are washed due to rainfall into the water 
steams, thus causing pollution [30].
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One of the main sources of hydrocarbon pollution is the discharge of urban 
stormwater. In urban communities, car parks and roads are frequently polluted by 
gasoline and oil from the vehicles, and during rainfall, these pollutants are washed 
into water streams and hence can contaminate them [30, 31].

Wastewater contaminated by hydrocarbons has an adverse effect in nature, ani-
mals, human beings, and plants. Lack of oxygen, decrease in crop yield, and effects 
on aquatic plants are various effects of hydrocarbon contamination in nature. There 
would be decrease in the crop yield and available food for household due to inap-
propriate crop’s growth when the farmland is irrigated by water contaminated with 
hydrocarbon [32, 33]. Soil fertility can be decreased to an extent due to the pres-
ence of oil in water due to the reason that most of the vital nutrients are no longer 
accessible for crop consumption which results in the decrease of the crop yield. The 
reduction in the yield of crop results in the decrease of the farmer’s earnings [34, 35].

Oxygen shortage is another environmental effect of hydrocarbon contamina-
tion. The main source of oxygen in nature is the economic trees which rely on rain-
fall or on the water steams for their growth. Oil spills can inhibit root penetration 
due to hydrocarbons which can block the pores of the soil, thereby removing water 
and air [36]. This results in the death of such plant or distortion in the growth and 
hence causes oxygen shortage for human utilization [37]. Hydrocarbon contamina-
tion in water avoids the penetration of light into the water and the exchange of 
gases for consumption by aquatic plants. This leads to the death of the plant because 
plant becomes incapable to photosynthesize and hence can affect the food chain. 
Plants consume the pollutants from the contaminated water which can be passed to 
humans and animals through the food chain [38].

Polycyclic hydrocarbons are toxic and found to have serious effects on human 
beings. The immune system, liver, respiratory system, reproductive system, circula-
tory system, kidney, etc. are the organs which are affected due to the hydrocarbon 
ingestion [33]. Individual’s susceptibility and level of exposure are the factors on 
which the degree of damage depends [2]. Cancer risk and hormonal problems 
that can disturb developmental and reproductive processes are the other effects of 
effluents polluted by hydrocarbons on human beings [39–41].

Discharge of wastewater contaminated with hydrocarbon into the water streams 
poses risk to animals through absorption, breathing, and ingestion. Sea birds are 
the most exposed to the hydrocarbon pollutant because it spends majority of its 
time near the water bodies [42]. There is unusual decrease in the temperature due 
to the destruction of the protective layer of the feathers in sea birds as a result of 
the presence of oil in water [43]. Scavengers such as ravens and vultures are also in 
danger when they consume preys and contaminated fish [44]. Water contaminated 
with hydrocarbon is consumed through gills of the fish during the respiration and 
accumulates in the gall bladder, liver, and stomach, and thus the fish becomes 
unhealthy for human utilization [45].

6. Remediation

Polluted land or water systems have become a serious concern for human health. 
Over the past few decades, several methods have been developed and applied for 
the cleanups. The degradation either biological or chemical of petroleum which is 
a complex mixture of chemical substances is difficult because different treatments 
are required for different classes of compounds. Hence, remediation of oil-con-
taining environment is not easy. Remediation strategies are decided after knowing 
the oil composition and physicochemical nature of the polluted site. Physical and 
chemical properties and pH of the polluted water/soil are the different factors on 
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which the crude oil degradation depends. Oil-producing wells are generally situ-
ated near seashore, so due to this reason, water is contaminated mostly by oil spills 
during oil production operation. Oil spills are controlled by biological and chemical 
methods. Out of these two methods, chemical method is more frequently used. 
Bioremediation is gaining worldwide attention.

7. Remediation techniques for hydrocarbons

Contamination due to petroleum is widespread in the environment and con-
taminates surface and groundwater [46]. Several operations in petroleum explora-
tion, leaking of underground storage tanks, and its production and transportation 
are responsible for affecting the environment [47]. Contamination causes threat 
to human health and safety and can affect nature by contaminating surface and 
groundwater [46].

Efforts are made both nationally and internationally in order to remediate the 
pollution caused by hydrocarbon contamination which can cause environmental 
and health risk. There are three methods involved in the remediation of sites 
contaminated due to hydrocarbon [2, 48]:

1. Phytoremediation

2. Bioremediation

3. Chemical remediation

7.1 Phytoremediation

Phytoremediation is the process which involves the use of plants for the degra-
dation, extraction, and elimination of the contaminants from the air, water, and 
soil [40, 49–51]. It includes various mechanisms which can lead to degradation of 
contaminants, dissipation, immobilization, and accumulation [52, 53]. Various 
phytoremediation applications with examples are systematically given in Table 2.

7.1.1 Mechanisms of phytoremediation

Contaminated land and water are remediated more feasibly by using plants 
involving a variety of pollutant attenuation mechanisms than physical and chemical 
remediation techniques [54–58]. Plants due to their sedentary nature had developed 
various abilities for dealing with hazardous compounds. Plants serve as solar-driven 
pumping and filtering systems as they take up pollutants from the soil through the 
roots which is transported to various parts of the plant by the help of plant tissues 
where they can be volatilized, metabolized, or sequestered [57, 59]. Different types 
of mechanisms are used by the plant for removing the pollutants from the soil. They 
consist of biophysical and biochemical processes such as adsorption, translocation, 
and transport, as well as mineralization and transformation by plant enzymes are the 
mechanisms of phytoremediation [8]. Halogenated substances like TCE are degraded 
by plants using oxidative degradation pathways, and it includes plant-specific deha-
logenases. After the death of the plant, the dehalogenase activity is still maintained 
[60]. Laccases, P450 monooxygenases, nitroreductases, dioxygenases, phosphatases, 
peroxidases, dehalogenases, and nitrilases are various contaminant-degrading 
enzymes which are present in plants [61–63]. The basic physiological mechanisms 
involved in phytoremediation in higher plants and related microorganisms, such as 
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mineral nutrition, photosynthesis, transpiration, and metabolism. The root of the 
plant is responsible for the uptake of the organic and inorganic compounds from 
the soil, and it can bind and stabilize substance on its external surfaces on interac-
tion with microorganism in the rhizosphere. Uptake or release of molecules occurs 
through exchanging gases from the aerial plant’s parts with the atmosphere [64]. For 
addressing different contaminants in different substrates, six phytotechnologies have 
been recognized by Interstate Technology and Regulatory Cooperation:

1. For organic contaminants, phytotransformation is ideal in all substrates.

2. Rhizosphere bioremediation is used in soil containing organic contaminants.

3. Phytostabilization is used in soil for organic and inorganic pollutants.

4. Phytoextraction is useful in substrates containing inorganic pollutants.

5. Phytovolatilization is used for volatile substances.

6. Hydraulic flow can be controlled in the contaminated environment by using 
evapotranspiration.

Application Media Contaminants Typical plants

Phytotransformation Soil, groundwater, 
landfill leachate, 
land application of 
wastewater

Herbicides, aromatics, 
chlorinated aliphatics, 
nutrients, ammunition waste

Phreatophyte trees (popular, willow, 
cottonwood, aspen) Grasses (rye, 
Bermuda, sorghum, fescue) Legumes 
(clover, alfalfa, cowpeas)

Rhizosphere 
bioremediation

Soil, sediments, 
land application of 
wastewater

Organic contaminants 
(pesticides, aromatics, 
and polynuclear aromatic 
hydrocarbons)

Phenolic releasers (mulberry, apple, 
Osage orange)
Grasses with fibrous roots (rye, 
fescue, Bermuda) for contaminants 
0.3 ft deep
Phreatophyte trees for 0.10 ft
Aquatic plants for sediments

Phytostabilization Soil, sediments Metals (Pb, Cd, Zn, As, Cu, 
Cr, Se, U), hydrophobic 
organics (PAHs, 
PCNBs, dioxins, furans, 
pentachlorophenol, DDT, 
dieldrin)

Phreatophyte trees to transpire large 
amounts of water for hydraulic 
control
Grasses with fibrous roots to stabilize 
soil erosion
Dense root systems are needed to 
sorb/bind contaminants

Phytoextraction Soil, brown fields, 
sediments

Metals (Pb, Cd, Zn, Ni, Cu) 
with EDTA addition for Pb 
selenium (volatilization)

Sunflowers
Indian mustard
Rape seed plants
Barley
Hops
Crucifers
Serpentine plants
Nettles
Dandelions

Rhizofiltration Groundwater, 
water and 
wastewater in 
lagoons or created 
wetlands

Metals (Pb, Cd, Zn, Ni, Cu), 
radionuclides (137Cs, 90 Sr, 
U), hydrophobic organics

Aquatic plants: emergents (bulrush, 
cattail, coontail, pondweed, 
arrowroot, duckweed); submergents 
(algae, stonewort, parrot’s feather, 
Eurasian watermilfoil, hydrilla)

Table 2. 
Application of phytoremediation with examples.
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radionuclides (137Cs, 90 Sr, 
U), hydrophobic organics

Aquatic plants: emergents (bulrush, 
cattail, coontail, pondweed, 
arrowroot, duckweed); submergents 
(algae, stonewort, parrot’s feather, 
Eurasian watermilfoil, hydrilla)

Table 2. 
Application of phytoremediation with examples.
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7.2 Bioremediation

Bioremediation is a cost-efficient method used for the treatment of soil polluted 
with oil and wastes of petroleum consisting of biodegradable hydrocarbons and 
indigenous microbes.

The management of suitable levels of nutrient fertilizer addition, moisture 
control to optimize soil degradation by microorganisms, aeration and mixing, and 
pH amendment are required for the process of land treatment [65].

Enzymes attack on some inorganic compounds and on most of the organic com-
pounds through the activities of living organisms. Bioremediation is the technique 
which involves the productive use of the biodegradative process for the elimination 
or detoxification of pollutants from the environment.

Oil spill causes contamination of soil which is considered as the chief world-
wide concern. Pollution of soil due to petroleum causes a serious effect to human 
being, affects the groundwater, decreases the agricultural production of the soil, 
and causes economic loss and ecological problems. Plants, animals, microorgan-
isms, and humans are affected by the toxicity of the petroleum hydrocarbons. Oil 
spill and accidents occur due to the transportation of crude oil which is generally 
through tankers on water or through land pipeline. Problems of the oil contami-
nation occur mostly due to the reason that the main oil-producing countries are 
not the chief oil clients; hence petroleum is transported to the consumption area. 
Certain microorganisms are accountable for the petroleum hydrocarbon degrada-
tion and are used as the resource of carbon and energy for growth and maintenance. 
Soil contamination can be remediated by many ways including both physicochemi-
cal and biological techniques.

Biological techniques are more economical and proficient than physicochemical 
techniques. The degradation rate of petroleum products is increased by developing 
several remediation methods. Bioremediation through microorganism is considered 
to be the most effective method in comparison to other biological methods, but the 
high molecular weight hydrocarbons with low adsorption and solubility limit their 
accessibility to microorganisms.

7.2.1 Principle of bioremediation

Composite mixture of diverse chemical substances makes up the crude oil. Oil 
and its component are recognized by microbes using bioemulsifiers and biosurfac-
tants, and then they join themselves; hydrocarbon is used as the resource of carbon 
and energy. High molecular weight hydrocarbons due to their low adsorption and 
solubility limit their accessibility to microorganisms. Oil biodegradation rates 
are improved by the biosurfactant’s addition which increases the elimination and 
solubility of these pollutants.

The oil constituents vary particularly in susceptibility, volatility, and volubility 
to biodegradation. A number of substances are easily degraded, some are non-
biodegradable, and some oppose degradation. Diverse species of microbes pref-
erentially attack diverse compounds due to this biodegradation of petroleum that 
occurs at different rates but concurrently. Enzymes produced by microorganisms 
in the presence of sources of carbon are accountable for attacking the hydrocarbon 
molecules. Hydrocarbon present in the petroleum is degraded by different enzymes 
and metabolic pathways. Hydrocarbon degradation is prevented by the lack of suit-
able enzyme [66].

Bioremediation process involves the utilization of natural microorganisms for 
the decontamination of atmosphere [67]. This process converts pollutants into 
useful or nontoxic substances by using bacteria, fungi, and yeast which are the 

17

Source and Control of Hydrocarbon Pollution
DOI: http://dx.doi.org/10.5772/intechopen.86487

naturally occurring microorganisms [40]. This is also a process in which microor-
ganisms restore the quality of the environment by degrading and metabolizing the 
chemical substances [48]. Table 3 represents the main microorganisms which are 
included in the remediation of hydrocarbons.

7.2.2 Microorganisms

7.2.2.1 Bacteria

Microbial species has efficient hydrocarbon degradation capability in natural 
environments. Various microbial species have been isolated from heavily pol-
luted coastal areas, variety of oil spill, or soil contaminated by petroleum. These 
are isolated on the basis of their capability to metabolize different sources of 
carbon such as aliphatic and aromatic compounds and their chlorinated derivate. 
Enrichment culture procedures were used for obtaining the microorganisms, and 
for the selection criterion, maximum final cell concentration or maximum specific 
growth rate was used. Various microorganisms such as fungi, microalgae, bacteria, 
and yeast [68] are used for degrading the petroleum hydrocarbons. Out of these 
microorganisms, bacteria play a significant role for hydrocarbon degradation. Rapid 
degradation of low molecular weight alkanes is reported by various studies. The 
capability of microorganisms to use hydrocarbons to assure the growth of cell and 
energy requirements by degrading hydrocarbon is the driving force for the petro-
leum biodegradation. Biodegradation of petroleum is carried out more extensively 
by mixed cultures in comparison to pure culture [69]. Adequate indigenous micro-
bial community in many ecosystems is capable of biodegradation of oil, but for 
oil degradation metabolic activity, environmental conditions should be favorable. 
Indigenous microorganisms have several advantages than adding microorganisms 
for hydrocarbon degradation.

7.2.2.2 Fungi

For the biodegradation of hydrocarbons in soils, fungi play a more vital role than 
bacteria. Filamentous fungi which are found in aquatic structures are mostly related 
with surface films and sediments. The enzymatic processes used by mammalian 
organizations are also used by fungi in polycyclic aromatic hydrocarbons (PAHs). 

Bacteria Yeast and fungi

Achromobacter Aspergillus

Acinetobacter Candida

Alcaligenes Cladosporium

Arthrobacter Penicillium

Bacillus Rhodotorula

Brevibacterium Sporobolomyces

Corynebacterium Trichoderma

Flavobacterium Fusarium

Nocardia
Pseudomonas
Vibrio

Trichoderma

Table 3. 
List of microorganisms for bioremediation.
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Two major types of cytochrome P450 monooxygenases have been well character-
ized in yeasts and filamentous fungi. Several fungi have the ability to oxidize 
polycyclic aromatic hydrocarbons to phenols, dihydrodiols, and other metabolites 
and conjugates, but only some fungi such as Phanerochaete chrysosporium have the 
capability to catabolize them totally to CO2.

Example:

i. Mitosporic Ascomycota

ii. DothiorellaAureobasidium

iii. Saccharomycetales candida

7.2.2.3 Yeast

The biodegradability of various yeasts decreases from n-alkanes > branched 
alkanes > low molecular weight aromatic hydrocarbons > cycloalkanes > high 
molecular weight aromatic and polar compounds.

Bioremediation process involves the detoxification of pollutants due to the vari-
ous metabolic capabilities of microorganisms which is the developing method for 
elimination of contaminants from nature together with the yields of the petroleum 
industry [70]. Bioremediation technique is considered to be cost-effective and 
noninvasive. Petroleum and other hydrocarbon contaminants can be eliminated 
from the atmosphere by using microorganisms which is considered as primary 
mechanism, and it is the cheaper method in comparison to other remediation tech-
nologies. Microorganisms having suitable metabolic capabilities are the essential 
requirement.

Alkylaromatic degradation is carried out by various microorganisms such 
as Arthrobacter, Mycobacterium, Sphingomonas, Burkholderia, Rhodococcus, and 
Pseudomonas.

Fungi, bacteria, and yeast are accountable for the biodegradation of hydrocar-
bons in the environment. Six percent [71] to 82% [72] is the reported efficiency of 
biodegradation for soil fungi, 0.003–100% [73] for marine bacteria, and 0.13% [71] 
to 50% [72] for soil bacteria. Complex mixtures of hydrocarbons such as crude oil in 
freshwater, aquatic environments, and soil are degraded by mixed populations with 
overall wide enzymatic capacities [74].

Bioremediation involves two processes as follows:

1. Bioaugmentation

2. Biostimulation

7.2.2.3.1 Bioaugmentation

Bioaugmentation process involves the degradation of the harmful hydrocarbons 
by the addition of microorganisms in order to achieve the pollutant reduction [67]. 
It is also the injection of polluted water with microorganisms capable of hydro-
carbon degradation [48]. This process sometimes involves biodegradation of the 
hydrocarbon pollutants by adding the genetically engineered microorganisms into 
the polluted water [75]. Bioaugmentation process is not often used for the hydrocar-
bon degradation because microorganisms responsible for hydrocarbon degradation 
naturally exist in the environment. Bioaugmentation process is not so much effec-
tive to be used in oil spill remediation sites, and nonindigenous microorganisms 
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used in this process can cause competition with the microbes already present in the 
environment [76].

7.2.2.3.2 Biostimulation

Biostimulation is the process which involves degradation of the harmful com-
pounds by adding the nutrients required by indigenous hydrocarbon-degrading 
microbes [67]. The growth of microorganisms responsible for the degradation of 
oil during oil spillage is activated by the increase in carbon. The tendency of the 
microorganisms to degrade the hydrocarbons is enhanced by addition of suitable 
concentration of supplemental nutrients. Due to this reason, microorganisms are 
competent of achieving their utmost rate of growth and consequently the utmost 
rate of contaminant uptake [77, 78]. The maximum biostimulation is achieved by 
obtaining the ideal nutrient concentration which is required for the utmost growth 
of the microorganisms and maintaining concentration as long as possible for 
microorganisms [79].

7.3 Chemical remediation

This process requires the use of chemicals. Contaminants can be treated by using 
various chemicals. Chemicals usually have the capability of altering the contaminant’s 
chemical and physical properties [80]. Dispersants, solidifiers, and chemical oxidants 
are the three categories in which the chemical remediations are grouped [2, 48, 52].

7.3.1 Dispersants

Slick of oil can be broken down into smaller droplets by surfactants which are 
present in dispersants, and these droplets undergo rapid dilution by transfer-
ring it into the water and can be effortlessly degraded [81]. Chemical dispersants 
can raise the oil droplet surface area which results in an increased rate of natural 
biodegradation, and this process makes the oil less sticky to the surface by slowing 
down the development of oil-water emulsions and allows fast treatment [82]. This 
method makes oil spills less harmful for living organisms and the marine life. This 
is achieved by converting oil slicks into droplets which in turn can be degraded by 
bacteria [2, 81]. Nokomis 3-F4, Slickgone NS, Finasol OSR 52, SPC 1000™, Neon 
AB3000, ZI-400, Corexit 9500, Corexit 8667, and Saf-Ron Gold are some of the 
examples of chemical dispersants [83].

7.3.2 Solidifiers

In this method oil is removed by physical method which involves the inter-
action of dry granular materials with the oil and converts its liquid state into 
rubberlike solid state. Dry particulate and semisolid substances such as balls, 
pucks, sponge, etc. are the various forms in which the solidifiers can be applied. 
Solidification can be enhanced by using the solidifiers in the seas because mixing 
energy is provided by the seawater. Solidifiers are difficult to recover after solidi-
fication, and it is less efficient, which are the major drawbacks for the use of the 
solidifiers [82, 84].

7.3.3 Chemical oxidation

This technique involves the usage of chemical agents which are capable of oxi-
dizing the organic pollutants [85]. These chemical agents are introduced by the help 
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of the mixing apparatus and injection in water or soil at the contaminated site. The 
usefulness of the process is found to depend upon oxidant quality, efficient contact 
between pollutant and oxidant, geological conditions, and oxidant’s residence 
time [86]. This process is rapid and can be applied in all weather situations which 
are some of the advantages of this process. Table 4 represents the details of other 
advantages and disadvantages.

8. Chemical and mechanical remediation methods

8.1 Oil spilled on the sea surface

There are various techniques involved for the elimination of oil from the surface 
of the sea and to avoid the oil to reach the shoreline. The widely used methods are 
mechanical recovery and the application of dispersants. The crude oil spreads over the 
sea surface because it is lighter than water and the thickness of the oil film becomes 
very thin in a small time. Type of oil, temperature of atmosphere, tide, temperature of 
water, and wind are the factors on which the velocity of oil spreading depends.

If oil spills accidentally, then the spreading of the oil can be prevented by using 
skimmers and booms which can control the spill to a short area, and finally the oil 
can be collected into the container. Oil can be solubilized by applying biosurfactants 
which are generally not detrimental to nature.

For oil spill remediation, at times in situ oil burning is also used as an optional 
method; but in situ method is useful only when the spilled layer of oil is floating 
on the surface of the water, oil spill is fresh, or after the oil has been converted 
into a smaller area by the booms. The above technique has some drawback that 
aquatic system gets polluted by the by-products and smoke generated as a result 
of burning of oil. Weather, tides, and ocean currents are the factors on which 
the usefulness of the cleaning method depends. If the oil reaches the shoreline, 
different methods are applied to clean up the gravels and sand. Oil is absorbed 
sometimes by oil sorbents similar to sponge. Oil is removed from the oiled vegeta-
tion by washing with water, but the plants damaged severely should be detached 
completely.

Chemical 
treatment

Advantages Disadvantages

Dispersants Suitable in all weather condition 
and for wide range of oils

No oil recovery
Not effective on highly viscous, non-spreading, and 
waxy oil

Accelerates by degradation of the 
oil by natural processes
Advanced formulations have 
reduced the previous concerns 
about toxicity
Less man power needed
Less expensive than mechanical 
methods

The localized and temporary increase in the amount 
of oil in water concentration that would have an 
effect on the surrounding marine life
If dispersion is not achieved, other response method 
effectiveness may reduce on less disperse oil

Solidifiers All weather conditions
Quick

Lack of practical application
Large amount required
Selected oil
Not effective
No oil recovery

Table 4. 
Advantages and disadvantages of chemical treatment.

21

Source and Control of Hydrocarbon Pollution
DOI: http://dx.doi.org/10.5772/intechopen.86487

When the amount of contaminated water is less than ex situ, remediation 
method is applied by pumping the contaminated water to the processing site. 
The shore sand and gravels are removed and cleaned in a different place from the 
contaminated site.

8.2 Oil spilled on soil

Pollution of soil occurs due to leakages from pipes and wellheads during offshore 
oil production and drilling operations, leakage from underground storage tanks of 
petroleum, overflow from gathering stations, petroleum yields, and inappropriate 
dumping of waste of petroleum. During the excavation, transport, and handling 
of polluted material, significant risk may be created by this method. For the final 
disposal of the substance, it is very hard to locate new landfill sites. There is con-
tinuous requirement of monitoring and maintenance of separation barriers since 
the pollutant remains on the site, and hence cap and containment technique is the 
temporary solution.

Methods for the treatment of soil contamination are as follows:

1. In situ

2. Ex situ

8.2.1 In situ method

This method involves physicochemical processes including air sparging, soil 
air extraction, or by combinations of these two methods applied to the soil at the 
contaminated site. Vertical & horizontal fossil fuel drilling equipment’s are used 
in-situ treatment. This technique is more efficient on sandy soil than on clay soils. Soil 
pollutant can be taken out by using air sparging which is also known as soil venting.

The growth of aerobic bacteria on oxygen feeding is accelerated by the help of 
this method. Air sparging can be also performed under the water table if the con-
tamination takes place in the groundwater through extraction wells or to the surface 
by gravity segregation. The oil can be extracted from the oil saturated ground water 
or partially saturated soil by using a process called as slurping.

The volatile components which are trapped in the soil are extracted by injecting 
steam into the contaminated soil.

8.2.2 Ex situ

This technique involves the elimination and transportation of polluted soil 
to off-site remediation ability. Various processes are used to perform the ex situ 
remediation which is as follows:

Land farming process is used in which soil polluted with oil is excavated and 
spread above a bed where it once in a while is tilled until the contaminants are 
degraded. Fifteen to 35 cm of soil surface is treated with the help of this technique. 
Composting involves the increase in the development of the microbial species 
by mixing polluted soil with harmless organic compounds to contaminated soil. 
Bioreactors are used for the bioprocessing of polluted soil, sediment, and water 
in which the three phases, gas, soil, and liquid, are mixed continuously in order to 
enhance the biodegradation rate. Before loading the contaminated soil to the biore-
actors, the soil is pretreated. Contaminants undergo chemical reaction and convert 
harmful compounds into nontoxic compounds. Dechlorination or UV is used for 
the catalyzation of the oxidation reactions. These techniques have a few limitations 
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The shore sand and gravels are removed and cleaned in a different place from the 
contaminated site.

8.2 Oil spilled on soil

Pollution of soil occurs due to leakages from pipes and wellheads during offshore 
oil production and drilling operations, leakage from underground storage tanks of 
petroleum, overflow from gathering stations, petroleum yields, and inappropriate 
dumping of waste of petroleum. During the excavation, transport, and handling 
of polluted material, significant risk may be created by this method. For the final 
disposal of the substance, it is very hard to locate new landfill sites. There is con-
tinuous requirement of monitoring and maintenance of separation barriers since 
the pollutant remains on the site, and hence cap and containment technique is the 
temporary solution.

Methods for the treatment of soil contamination are as follows:

1. In situ

2. Ex situ

8.2.1 In situ method

This method involves physicochemical processes including air sparging, soil 
air extraction, or by combinations of these two methods applied to the soil at the 
contaminated site. Vertical & horizontal fossil fuel drilling equipment’s are used 
in-situ treatment. This technique is more efficient on sandy soil than on clay soils. Soil 
pollutant can be taken out by using air sparging which is also known as soil venting.

The growth of aerobic bacteria on oxygen feeding is accelerated by the help of 
this method. Air sparging can be also performed under the water table if the con-
tamination takes place in the groundwater through extraction wells or to the surface 
by gravity segregation. The oil can be extracted from the oil saturated ground water 
or partially saturated soil by using a process called as slurping.

The volatile components which are trapped in the soil are extracted by injecting 
steam into the contaminated soil.

8.2.2 Ex situ

This technique involves the elimination and transportation of polluted soil 
to off-site remediation ability. Various processes are used to perform the ex situ 
remediation which is as follows:

Land farming process is used in which soil polluted with oil is excavated and 
spread above a bed where it once in a while is tilled until the contaminants are 
degraded. Fifteen to 35 cm of soil surface is treated with the help of this technique. 
Composting involves the increase in the development of the microbial species 
by mixing polluted soil with harmless organic compounds to contaminated soil. 
Bioreactors are used for the bioprocessing of polluted soil, sediment, and water 
in which the three phases, gas, soil, and liquid, are mixed continuously in order to 
enhance the biodegradation rate. Before loading the contaminated soil to the biore-
actors, the soil is pretreated. Contaminants undergo chemical reaction and convert 
harmful compounds into nontoxic compounds. Dechlorination or UV is used for 
the catalyzation of the oxidation reactions. These techniques have a few limitations 



Hydrocarbon Pollution and Its Effect on the Environment

22

such as high cost due to the complication of the method required, while bioreme-
diation due to natural biological action is a choice which provides the chance to 
degrade the hydrocarbon contaminants.

9. Application of bioremediation

1. Ecologically sound, natural process; there is an increase in the number of the 
existing microorganisms when the contaminants are present, and the micro-
bial population decreases naturally when the contaminants are degraded. The 
residues such as water, carbon dioxide, and fatty acids obtained as a result of 
the biological treatment are usually nonhazardous product, and the obtained 
CO2 can be used for the photosynthesis process by the plants.

2. Bioremediation is responsible for destroying the target chemicals in place of 
transferring the contaminants from one place to another.

3. Other techniques which are used for the cleanup of harmful waste are more 
costly than bioremediation. For example, through the cleanup of the Exxon 
Valdez spill, the cost of 1-day physical washing is more than bioremediating 
120 km of shoreline.

4. Bioremediation deals with in situ treatment and does not involve the transfer 
of a large amount of the polluted wastes off-site, and the risk due to the trans-
portation can be overcome.

5. Microbe efficiency can be enhanced by using nutrient formulation in the 
bioremediation process.

6. The residues such as CO2, fatty acids, water, etc. obtained from the biological 
treatment are generally nonhazardous.

It is a less costly technique than other techniques which are used for cleaning up 
of the toxic waste.

Hydrocarbons due to their different solubility from polar compounds such 
as methanol have lower polarity and hence have low solubility. Degradation of 
hydrocarbons is not only determined by solubilization. Many microorganisms are 
responsible for increasing the surface area of the substrate by excreting emulsifiers 
including Bacillus licheniformis, Pseudomonas putida, Bacillus cereus, Pseudomonas 
aeruginosa, Bacillus subtilis, and Bacillus laterosporus. Absorption of hydrophobic 
substance is facilitated by change in the cell surface by microorganisms. The behav-
ior of individual hydrocarbons as well as mixtures can be changed by changing the 
physicochemical character of hydrocarbons [74].

10. Conclusion

Hydrocarbon pollutants have a widely applicable consequence on land, aquatic, 
as well as atmospheric ecosystem. This has been a problem ever since the use of 
fossil fuels and industrial revolution started. The unparalleled growth in popula-
tions with frequent oil spills, leakages in pipelines, and rampant use of pesticides 
contribute to substantial increase in pollution. These together are threatening 
the lives of animals and native microbiological population in land, air, and water 
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Chapter 3

Aerosol Studies over Central India
Kannemadugu Hareef Baba Shaeb

Abstract

Earth’s radiation budget and thus climate change are significantly influenced by
natural and anthropogenic aerosols. Variability of aerosols both in space and time
poses challenges to quantify their effects on cloud microphysical properties, pre-
cipitation and hydrological cycle. Black carbon (BC) aerosol besides having effects
on human health, possess light absorbing nature and thus contribute in atmospheric
radiative properties and interaction with clouds. Aerosol properties have been
studied over Nagpur (79.028°E, 21.125°N) located in central India, using multi
instruments such as multi wavelength radiometer, aethalometer, sunphotometer,
balloon based GPS radiosonde, etc., during the study period of 2008–2014. Seasonal
variability of different parameters such as aerosol optical depth, columnar water
vapor, black carbon mass concentrations, mixed layer height, etc. will be discussed.
MODIS aerosol and water vapor products have also been validated against ground
based sunphotometer measurements. To understand the source apportionment
HYSPLIT model back trajectories have been used. The chapter discusses the inter-
esting aspect of seasonal variability of aerosol properties including monsoonal
effects over the data sparse region of central India.

Keywords: aerosol, black carbon, aethalometer, radiosonde, columnar water vapor

1. Introduction

Atmospheric aerosols are solid or liquid particles suspended in air. These parti-
cles include sea salt particles, mineral dust, smoke, pollen, etc. Sources of aerosols
can be from natural and anthropogenic sources. Generation of aerosols involves
individual or combination of chemical, physical and biological processes. Removing
processes of aerosols can be of two types, namely wet and dry deposition [1] while
dominating process of aerosol removal is wet deposition (cloud and rainfall).

The environment impact assessment of these aerosols is decided by their physi-
cal and chemical properties and lifetime. The abundance, size distribution and
composition of aerosol particles are highly variable both in space and time. In the
lower troposphere, the total particle number concentration (typical mass concen-
tration) typically varies in the range of about 100–100,000 cm�3 (1 and
100 μg m�3). In the free troposphere, aerosol concentrations are (�1–2 orders) of
magnitude lower than in the boundary layer.

The aerosol particles can be classified based on the size as the nucleation mode,
ultrafine mode and coarse mode. Nucleation mode refers to aerosol particles below
0.1 μm in diameter, whereas diameter is lower than 0.01 μm are called ultrafine
mode. The coarse mode refers to particles with diameter larger than 1.0 μm. These
particles can accumulate in the atmosphere with lifetime, ranging from 1 to 7 days
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studied over Nagpur (79.028°E, 21.125°N) located in central India, using multi
instruments such as multi wavelength radiometer, aethalometer, sunphotometer,
balloon based GPS radiosonde, etc., during the study period of 2008–2014. Seasonal
variability of different parameters such as aerosol optical depth, columnar water
vapor, black carbon mass concentrations, mixed layer height, etc. will be discussed.
MODIS aerosol and water vapor products have also been validated against ground
based sunphotometer measurements. To understand the source apportionment
HYSPLIT model back trajectories have been used. The chapter discusses the inter-
esting aspect of seasonal variability of aerosol properties including monsoonal
effects over the data sparse region of central India.

Keywords: aerosol, black carbon, aethalometer, radiosonde, columnar water vapor

1. Introduction

Atmospheric aerosols are solid or liquid particles suspended in air. These parti-
cles include sea salt particles, mineral dust, smoke, pollen, etc. Sources of aerosols
can be from natural and anthropogenic sources. Generation of aerosols involves
individual or combination of chemical, physical and biological processes. Removing
processes of aerosols can be of two types, namely wet and dry deposition [1] while
dominating process of aerosol removal is wet deposition (cloud and rainfall).

The environment impact assessment of these aerosols is decided by their physi-
cal and chemical properties and lifetime. The abundance, size distribution and
composition of aerosol particles are highly variable both in space and time. In the
lower troposphere, the total particle number concentration (typical mass concen-
tration) typically varies in the range of about 100–100,000 cm�3 (1 and
100 μg m�3). In the free troposphere, aerosol concentrations are (�1–2 orders) of
magnitude lower than in the boundary layer.

The aerosol particles can be classified based on the size as the nucleation mode,
ultrafine mode and coarse mode. Nucleation mode refers to aerosol particles below
0.1 μm in diameter, whereas diameter is lower than 0.01 μm are called ultrafine
mode. The coarse mode refers to particles with diameter larger than 1.0 μm. These
particles can accumulate in the atmosphere with lifetime, ranging from 1 to 7 days
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(boundary layer), 3–10 days (free troposphere) and 1–365 days (in the strato-
sphere) and during this period they can undergo long range transport [2].

The chemical composition of atmospheric aerosol consists of variable concen-
trations of sulphate, nitrate, ammonium, sea salt, crustal elements and carbona-
ceous compounds (elemental and organic carbon) and other organic materials.
Nucleation mode consists of sulphate, nitrate, ammonium, elemental and organic
carbon and certain trace metals (e.g., lead, cadmium, nickel, copper, etc.). The
coarse mode consists of dust, crustal elements, nitrate, sodium, chloride and bio-
genic organic particles (e.g., pollen, spores, plant fragments, etc.).

Atmospheric aerosol particles can absorb and scatter the incoming/outgoing
shortwave and longwave radiation, which alters the radiation budget of the Earth.
The also play important role in the formation of clouds and precipitation since they
operate as cloud condensation and ice nuclei. Aerosols can affect significantly the
cycles of nitrogen, sulphur, and atmospheric oxidants. Aerosol particles in the
upper atmosphere can modify the ozone removal [3]. Additionally aerosols in the
lower troposphere affect human health and mortality rate.

The effects of aerosols on climate are very uncertain. Aerosols influence the
climate (forcing) in two ways, i.e., direct and indirect. In a direct effect, aerosol
particles (especially sulphates) reflect incoming shortwave radiation thus cooling
the Earth’s atmosphere. However, this cooling effect is compensated by the absorp-
tion of longwave terreastrial radiation by absorbing aerosols (black carbon and dust
particles). The annual mean radiative forcing (global) is estimated as
�0.4 � 0.2 W m�2 (for sulphate), �0.05 � 0.05 W m�2 (for fossil fuel organic
carbon), +0.2 � 0.15 Wm�2 (for fossil fuel black carbon), +0.03 � 0.12 Wm�2 (for
biomass burning), �0.1 � 0.1 W m�2 (for nitrate) and �0.1 � 0.2 W m�2 (for
mineral dust) [4].

Indirect effect of aerosols affect formation of cloud droplets which are formed
by condensation of water vapour onto aerosol particles (cloud condensation nuclei,
or ice nuclei) when the relative humidity exceeds the saturation. A very large
supersaturation (about 400%) is required for the homogeneous condensation of
water vapor in the absnce of aerosols. The increased number of aerosols (i.e., the
increased cloud optical thickness) decreases the net surface radiation as they reflect
more solar radiation (Twomey effect). Smaller particles can increase cloud lifetime.
The absorption of solar radiation by absorbing aerosols can lead to evaporation of
cloud particles (semi-direct effect). Anthropogenic aerosols effects on water clouds
through the cloud albedo effect cause a negative radiative forcing of �0.3 to
�1.8 W m�2 [4].

Variability of aerosol parameters over Indian region has been studied using
multi-wavelength radiometer (MWR) since 1980 under the Indian Space Research
Organization (ISRO) Geosphere Biosphere Program [5]. Aerosol measurements
were reported from several places within the country, but such data and results are
sparse in a dry tropical region in the central India.

Ground-based observations are important in order to evaluate the accuracy and
validity of parameters retrieved from satellites. The validation excerise is usually
targeted to the test the retrieval algorithm efficiency and how it can be improved
further. India has a wide variety of ecosystems and surface conditions. Hence it is
important to validate the satellite-based retrievals using ground-based measure-
ments for different climatic regions throughout the country. Hareef Baba Shaeb
et al. [6] reported the validation of the MODIS aerosol optical depth and water
vapor over Nagpur located in the central Indian region. Aerosol loading at the
measurement site is influenced both by local sources and long range transport. To
locate the possible sources, back trajectory analysis is used. We also used MODIS
detected fire locations to understand the contribution of biomass burning. They
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have studied for the first time over this region focusing on the classification of
aerosol types, validation of MODIS AOD and water vapor products and the role of
aerosol transport. Black carbon (BC) is a primary aerosol emitted directly at the
source from incomplete combustion processes such as fossil fuel and biomass burn-
ing and therefore much atmospheric BC is of anthropogenic origin (IPCC 2007). BC
is receiving much attention recently owing to its effects on weather, atmospheric
circulation, and hydrological cycles [7–11] and due to the adverse health impacts of
BC [12, 13]. BC possess strong absorption characteristics over wide wavelength
range (from UV to near IR) and its chemically inert nature (i.e., longer life time)
make this species very important in global change and climate studies [14, 15].

Boundary layer dynamics play important role in surface concentrations of
observed BC and its vertical dispersion (convection). The altitude up to which the
surface would influence the vertical dispersion of species through convective tur-
bulent eddies is known as the mixed layer height (MLH) and this is an important
boundary layer parameter. In view of this Kompalli et al. [16] studied continuous
observations of surface BC mass concentration (MBC) along with year-around
vertical profiles of atmospheric thermodynamics using balloon borne GPS aided
radiosonde ascents from a semi-arid suburban location Nagpur, in Central India are
carried out.

The chapter discusses the interesting aspect of seasonal variability of aerosol
properties over the data sparse region of central India.

2. Study location and general meteorology

Central India is surrounded by the Great Indian Desert in the northwest, Indo
Gangetic Plain in the north and coastal India in east and west. The Nagpur city
(21°060N, 79°030E; 310 m a.m.s.l) lies at the geographic center of India (Figure 1)
on the Deccan plateau of Indian peninsula. A very dry and semi humid climate
prevails throughout the year except in the monsoon season (June–September).

Figure 1.
Study site location.
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shortwave and longwave radiation, which alters the radiation budget of the Earth.
The also play important role in the formation of clouds and precipitation since they
operate as cloud condensation and ice nuclei. Aerosols can affect significantly the
cycles of nitrogen, sulphur, and atmospheric oxidants. Aerosol particles in the
upper atmosphere can modify the ozone removal [3]. Additionally aerosols in the
lower troposphere affect human health and mortality rate.

The effects of aerosols on climate are very uncertain. Aerosols influence the
climate (forcing) in two ways, i.e., direct and indirect. In a direct effect, aerosol
particles (especially sulphates) reflect incoming shortwave radiation thus cooling
the Earth’s atmosphere. However, this cooling effect is compensated by the absorp-
tion of longwave terreastrial radiation by absorbing aerosols (black carbon and dust
particles). The annual mean radiative forcing (global) is estimated as
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mineral dust) [4].

Indirect effect of aerosols affect formation of cloud droplets which are formed
by condensation of water vapour onto aerosol particles (cloud condensation nuclei,
or ice nuclei) when the relative humidity exceeds the saturation. A very large
supersaturation (about 400%) is required for the homogeneous condensation of
water vapor in the absnce of aerosols. The increased number of aerosols (i.e., the
increased cloud optical thickness) decreases the net surface radiation as they reflect
more solar radiation (Twomey effect). Smaller particles can increase cloud lifetime.
The absorption of solar radiation by absorbing aerosols can lead to evaporation of
cloud particles (semi-direct effect). Anthropogenic aerosols effects on water clouds
through the cloud albedo effect cause a negative radiative forcing of �0.3 to
�1.8 W m�2 [4].

Variability of aerosol parameters over Indian region has been studied using
multi-wavelength radiometer (MWR) since 1980 under the Indian Space Research
Organization (ISRO) Geosphere Biosphere Program [5]. Aerosol measurements
were reported from several places within the country, but such data and results are
sparse in a dry tropical region in the central India.

Ground-based observations are important in order to evaluate the accuracy and
validity of parameters retrieved from satellites. The validation excerise is usually
targeted to the test the retrieval algorithm efficiency and how it can be improved
further. India has a wide variety of ecosystems and surface conditions. Hence it is
important to validate the satellite-based retrievals using ground-based measure-
ments for different climatic regions throughout the country. Hareef Baba Shaeb
et al. [6] reported the validation of the MODIS aerosol optical depth and water
vapor over Nagpur located in the central Indian region. Aerosol loading at the
measurement site is influenced both by local sources and long range transport. To
locate the possible sources, back trajectory analysis is used. We also used MODIS
detected fire locations to understand the contribution of biomass burning. They
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have studied for the first time over this region focusing on the classification of
aerosol types, validation of MODIS AOD and water vapor products and the role of
aerosol transport. Black carbon (BC) is a primary aerosol emitted directly at the
source from incomplete combustion processes such as fossil fuel and biomass burn-
ing and therefore much atmospheric BC is of anthropogenic origin (IPCC 2007). BC
is receiving much attention recently owing to its effects on weather, atmospheric
circulation, and hydrological cycles [7–11] and due to the adverse health impacts of
BC [12, 13]. BC possess strong absorption characteristics over wide wavelength
range (from UV to near IR) and its chemically inert nature (i.e., longer life time)
make this species very important in global change and climate studies [14, 15].

Boundary layer dynamics play important role in surface concentrations of
observed BC and its vertical dispersion (convection). The altitude up to which the
surface would influence the vertical dispersion of species through convective tur-
bulent eddies is known as the mixed layer height (MLH) and this is an important
boundary layer parameter. In view of this Kompalli et al. [16] studied continuous
observations of surface BC mass concentration (MBC) along with year-around
vertical profiles of atmospheric thermodynamics using balloon borne GPS aided
radiosonde ascents from a semi-arid suburban location Nagpur, in Central India are
carried out.

The chapter discusses the interesting aspect of seasonal variability of aerosol
properties over the data sparse region of central India.

2. Study location and general meteorology

Central India is surrounded by the Great Indian Desert in the northwest, Indo
Gangetic Plain in the north and coastal India in east and west. The Nagpur city
(21°060N, 79°030E; 310 m a.m.s.l) lies at the geographic center of India (Figure 1)
on the Deccan plateau of Indian peninsula. A very dry and semi humid climate
prevails throughout the year except in the monsoon season (June–September).

Figure 1.
Study site location.
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Dry and hot weather prevails throughout the pre monsoon (PMS) season (March–
May). The maximum temperature shoots up to 42–48°C. Summer monsoon (SMS)
starts in June and continue up to September. Maximum rainfall is observed during
July and August months. During the post monsoon (PoMS) season (October–
November), the maximum temperature is about 33°C. Winter season (December,
January and February) registers minimum temperatures around 12°C and at times
goes below that level.

The monthly mean surface meteorological data, obtained from www.wunderg
round.com and rainfall data obtained from www.hydro.imd.gov.in are used for
correlating measured Black carbon mass concentrations. Figure 2(a) shows

Figure 2.
Monthly variations of (a) relative humidity (%) and temperature (°C), (b) wind speed (m/s) and (c) wind
direction (Deg) for 2012.
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monthly means of relative humidity and temperature for the year 2012 at the site.
Relative humidity is in between �50–85% during Monsoon and �60–80% during
oost-monsoon and its highest compared to other seasons. Mean wind speed is high
during monsoon season and it was observed maximum in the month of June and
July. It is gradually increasing from lower values in winter months (not much
variation within the winter months) to higher values in pre-monsoon and reaches
maximum in monsoon months as high as (2.39 � 0.53) m/s in the year 2012
decreases in post-monsoon months as like in the winter months. The monthly
variation of mean wind speed is shown in Figure 2(b) for the years 2012.

Figure 2(c) shows the monthly variation of the mode of wind direction. These
wind direction data is used to correlate with cluster trajectories which were used for
source appointment. It was observed that mode (maximum number of times) of
wind direction is constant about 3–4 months. Thus the wind direction plays a key
role in the seasonal transportation of black carbon to study site.

3. Data and methods

3.1 Measurement methods

3.1.1 Ground based

3.1.1.1 Multiwavelength radiometer

Multi-Wavelength Radiometer (MWR) is a passive instrument used for study-
ing the spectral variation in aerosol properties in the visible and near infrared
region. The MWR, was mounted on the building upperside, was used to estimate
spectral AOD’s, on days when unobstructed solar visibility was available for 3 h or a
lot of. Aerosol columnar optical depth is calcuable at 10 slender wavelength bands
targeted at 380, 400, 450, 500, 600, 650, 750, 850, 935 and 1025 nm. The MWR
collects the incoming solar flux as a function of solar zenith angles. The well-known
Lambert–Beer–Bouguer Law (Eq. (1)) permits the estimation of AOD, because the
output voltage Vλ of the MWR at any wavelength is directly proportional to Iλ, by
solving a linear square fit between the logarithm of Vλ and therefore the
corresponding relative air mass.

Iλ ¼ I0λ exp : �τλ mr½ � (1)

where I0λ = extra-atmospheric solar irradiance, mr = relative air mass, Iλ is the
direct solar irradiance at the earth’s surface at wavelength λ, τλ = total optical
thickness. The measured data was edited and further AOD values were calculable
following the Langley technique [17, 18]. The total optical depth τλ was calculable
because the the slope of the curve following the Langley plot methodology. Consid-
ering τλ as the total of the contribution of the various atmospheric components,

τλ ¼ τRλ þ τgλ þ τwλ þ τaλ (2)

τRλ = Rayleigh optical thickness, τgλ = absorption optical depth (atmospheric
gases), τwλ = optical depth (water vapor), τaλ = aerosol optical depth. The calculable
values of aerosol optical depth τaλ has errors. The error in τλ arises due to 1-min time
resolution and the statistical errors in regression calculations. The error in Ozone
(O3) model superimposed with the seasonal differences in O3 contributes
associatean uncertainty of 10% in τgλ while error in τRλ is 0.03%. Thus τaλ, may thus
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monthly means of relative humidity and temperature for the year 2012 at the site.
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variation within the winter months) to higher values in pre-monsoon and reaches
maximum in monsoon months as high as (2.39 � 0.53) m/s in the year 2012
decreases in post-monsoon months as like in the winter months. The monthly
variation of mean wind speed is shown in Figure 2(b) for the years 2012.

Figure 2(c) shows the monthly variation of the mode of wind direction. These
wind direction data is used to correlate with cluster trajectories which were used for
source appointment. It was observed that mode (maximum number of times) of
wind direction is constant about 3–4 months. Thus the wind direction plays a key
role in the seasonal transportation of black carbon to study site.
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solving a linear square fit between the logarithm of Vλ and therefore the
corresponding relative air mass.

Iλ ¼ I0λ exp : �τλ mr½ � (1)

where I0λ = extra-atmospheric solar irradiance, mr = relative air mass, Iλ is the
direct solar irradiance at the earth’s surface at wavelength λ, τλ = total optical
thickness. The measured data was edited and further AOD values were calculable
following the Langley technique [17, 18]. The total optical depth τλ was calculable
because the the slope of the curve following the Langley plot methodology. Consid-
ering τλ as the total of the contribution of the various atmospheric components,

τλ ¼ τRλ þ τgλ þ τwλ þ τaλ (2)

τRλ = Rayleigh optical thickness, τgλ = absorption optical depth (atmospheric
gases), τwλ = optical depth (water vapor), τaλ = aerosol optical depth. The calculable
values of aerosol optical depth τaλ has errors. The error in τλ arises due to 1-min time
resolution and the statistical errors in regression calculations. The error in Ozone
(O3) model superimposed with the seasonal differences in O3 contributes
associatean uncertainty of 10% in τgλ while error in τRλ is 0.03%. Thus τaλ, may thus
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have a most application of this methos to the MWR data analysis is described
in many earlier papers [5, 19, 20].

The columnar water vapor content has been estimated from the MWR mea-
surements at 935 and 1025 nm [21–23]. The absorption of radiation at 935 nm band
is higher by more than three orders of magnitude than at 850 and 1025 nm bands.
The details of application of this technique are described by Nair and Moorthy [24].

3.1.1.2 Sun photometer

Model 540 MICROTOPS-II (microprocessor-based Total Ozone Portable Spec-
trometer) sun photometer is a compact, portable and multi-channel sun photometer
is employed to study the characteristics of columnar aerosols properties and colum-
nar water vapor and to validate the satellite retrievals.

The physical and operational characteristics of the instrument are represented
within the user’s guide (http://www.solar.com/manuals.htm). The sun photometer
measures solar irradiance in 5 spectral wave bands (with peak wavelengths of 440,
500, 675, 870, and 936 nm) from that it derives AOD through internal software.
The filters utilized in all channels have a peak wavelength preciseness of �1.5 nm
and FWHM band pass of 10 nm (http://www.solar.com/sunphoto.html).

Derivation of AOD and water vapor employing a sun photometer has been
clearly explained by Refs. [25, 26]. However; here transient outline is given.

At 440, 500, 675 and 870 nm wavelengths, AOT is derived based on the Beer–
Lambert–Bouguer law as follows:

Vλ ¼ V0λD� 2exp �τλMð Þ, (3)

where, for each channel (wavelength (λ)), Vλ = the signal measured by the
instrument, V0λ = the extraterrestrial signal, D = Earth-Sun distance in astronomical
units, τλ = total optical thickness (τλ = τaλ + τRλ + τO3λ), τaλ = aerosol optical
thickness (AOT), τRλ = Rayleigh (air) optical thickness, τO3λ = Ozone optical thick-
ness, M = the optical air mass.

The Rayleigh (τRλ), ozone optical thickness (τO3λ) are obtained from atmo-
spheric models as below:

τRλ ¼ R4 exp : �h=29:3=273ð Þ (4)

τO3λ ¼ Ozabs� DOBS=1000 (5)

where h = altitude of the place of observation in meters,
R4 = 28773.6 � (R2 � (2 + R2) � λ � 2)2, R2 = 10–8 � {8342.13 + 2,406,030/
(130 � λ � 2) + 15,997/(38.9 � λ � 2)}, λ = wavelength in μm, Ozabs = ozone
absorption cross section (extracted from a lookup table based on wavelength),
DOBS = ozone amount in Dobson units (extracted from a lookup table based on
latitude and date of observation).

MICROTOPS II sun photometer was calibrated by its manufacturer (M/s Solar
Light Control, USA) at the Mauna Loa Observatory, Hawaii which is a noise-free
high-altitude site before the measurements started in 2011 at our measurement site.
Aside from this, we analyzed the MICROTOPS-II output when air mass is eual to
zero, which is used as calibration constant. Filter degradation, temperature effects
and poor pointing towards the sun can contribute to other measurement errors. The
Microtops AOT retrievals uncertainties are in the range of 0.01–0.02 [27].
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AERONET stands for Aerosol RObotic NETwork formed by NASA/GSFC and is
expanded by collaborators in order to cover a large spatial extent. The sun photom-
eter measurements were performed in cloud-free conditions. For the current study,
sun photometer observations are chosen from the condition that the time difference
between ground based observation and MODIS flypast time is a smaller amount
than quarter-hour. The data set was used because the ground truth within the
validation of the Terra Moderate Resolution Imaging Spectroradiometer (MODIS)
AOD550.

3.1.1.3 Aethalometer

Aethalometer measures blackcarbon (absorbingaerosol) content by measuring
the attenuation of a beam of light transmitted through the sample when collected
on a fibrous filter (Lambert–Beer law) at 7 channels (370, 470, 520, 590, 660, 880
and 950 nm). Sixth channel (entered at 880 nm) is considered as the standard
channel for BC measurements because BC is the principal absorber of light at this
wavelength and other Aerosol components have negligible absorption.
Aethalometer (ModelAE-42, Magee Scientific, USA) was operated daily on a
24 h cycle at a flow rate 3 L/min at sampling rate of 5 min interval and air inlet
is �12 m above the ground.

The details of principle of operation, data deduction, error budget of
aethalometer, inherent uncertainties in its technique and the corrections are exten-
sively available in the literature (e.g., [28–30]) and are not repeated. The instru-
mental uncertainty of the aethalometer ranges from 50% at 0.05 μg m�3 to 6% at
1 μg m�3 [30]. The inherent uncertainties in the aethalometer technique basically
arise due to multiple scattering (known as C-factor) and shadowing (R-factor)
effects in the filter tape [28–30].

3.1.2 Satellite data

3.1.2.1 MODIS

The MODIS flies on board the EOS Terra and Aqua satellite and measure
AOD and other optical properties on a world scale daily from the year 2000
onwards. Terra and Aqua satellites are at an altitude of 705 km, cross equator at
10:30 Indian Standard Time (IST) ascending towards north and at 13:30, IST
dropping towards south, respectively. MODIS has 36 bands starting from 0.4 to
14.4 μm wavelengths with three completely different spatial resolutions
(250, 500 and 1000 m).

MODIS daily level-3 collection version 005 AOD data at 550 nm averaged at a 1°
latitude/longitude grid to produce daily MOD08_D3.005 products from Terra sat-
ellite were used. For general climate modeling, the level 3 data provide a
convenient source of data that has land and ocean measurements at a 1-degree scale
combined into one file. Remer et al. [62] provided international validation of Col-
lection 004 (C004) product over both land and ocean (compared to AERONET)
and reported the expected error bars of AOD values as τpλ = � 0.05 � 0.15τpλ over
land, where τpλ is the AOD value retrieved from the intensity measured at ground.
The updated C005 algorithm rule has to be valid, to account for native biases. The
aerosol properties contained among the lookup table (LUT) has to be updated for
as many ground measuring sites as possible, to improve the accuracy of the
retrieved AOD [31].
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τRλ ¼ R4 exp : �h=29:3=273ð Þ (4)

τO3λ ¼ Ozabs� DOBS=1000 (5)

where h = altitude of the place of observation in meters,
R4 = 28773.6 � (R2 � (2 + R2) � λ � 2)2, R2 = 10–8 � {8342.13 + 2,406,030/
(130 � λ � 2) + 15,997/(38.9 � λ � 2)}, λ = wavelength in μm, Ozabs = ozone
absorption cross section (extracted from a lookup table based on wavelength),
DOBS = ozone amount in Dobson units (extracted from a lookup table based on
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MICROTOPS II sun photometer was calibrated by its manufacturer (M/s Solar
Light Control, USA) at the Mauna Loa Observatory, Hawaii which is a noise-free
high-altitude site before the measurements started in 2011 at our measurement site.
Aside from this, we analyzed the MICROTOPS-II output when air mass is eual to
zero, which is used as calibration constant. Filter degradation, temperature effects
and poor pointing towards the sun can contribute to other measurement errors. The
Microtops AOT retrievals uncertainties are in the range of 0.01–0.02 [27].
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AERONET stands for Aerosol RObotic NETwork formed by NASA/GSFC and is
expanded by collaborators in order to cover a large spatial extent. The sun photom-
eter measurements were performed in cloud-free conditions. For the current study,
sun photometer observations are chosen from the condition that the time difference
between ground based observation and MODIS flypast time is a smaller amount
than quarter-hour. The data set was used because the ground truth within the
validation of the Terra Moderate Resolution Imaging Spectroradiometer (MODIS)
AOD550.

3.1.1.3 Aethalometer

Aethalometer measures blackcarbon (absorbingaerosol) content by measuring
the attenuation of a beam of light transmitted through the sample when collected
on a fibrous filter (Lambert–Beer law) at 7 channels (370, 470, 520, 590, 660, 880
and 950 nm). Sixth channel (entered at 880 nm) is considered as the standard
channel for BC measurements because BC is the principal absorber of light at this
wavelength and other Aerosol components have negligible absorption.
Aethalometer (ModelAE-42, Magee Scientific, USA) was operated daily on a
24 h cycle at a flow rate 3 L/min at sampling rate of 5 min interval and air inlet
is �12 m above the ground.

The details of principle of operation, data deduction, error budget of
aethalometer, inherent uncertainties in its technique and the corrections are exten-
sively available in the literature (e.g., [28–30]) and are not repeated. The instru-
mental uncertainty of the aethalometer ranges from 50% at 0.05 μg m�3 to 6% at
1 μg m�3 [30]. The inherent uncertainties in the aethalometer technique basically
arise due to multiple scattering (known as C-factor) and shadowing (R-factor)
effects in the filter tape [28–30].

3.1.2 Satellite data

3.1.2.1 MODIS

The MODIS flies on board the EOS Terra and Aqua satellite and measure
AOD and other optical properties on a world scale daily from the year 2000
onwards. Terra and Aqua satellites are at an altitude of 705 km, cross equator at
10:30 Indian Standard Time (IST) ascending towards north and at 13:30, IST
dropping towards south, respectively. MODIS has 36 bands starting from 0.4 to
14.4 μm wavelengths with three completely different spatial resolutions
(250, 500 and 1000 m).

MODIS daily level-3 collection version 005 AOD data at 550 nm averaged at a 1°
latitude/longitude grid to produce daily MOD08_D3.005 products from Terra sat-
ellite were used. For general climate modeling, the level 3 data provide a
convenient source of data that has land and ocean measurements at a 1-degree scale
combined into one file. Remer et al. [62] provided international validation of Col-
lection 004 (C004) product over both land and ocean (compared to AERONET)
and reported the expected error bars of AOD values as τpλ = � 0.05 � 0.15τpλ over
land, where τpλ is the AOD value retrieved from the intensity measured at ground.
The updated C005 algorithm rule has to be valid, to account for native biases. The
aerosol properties contained among the lookup table (LUT) has to be updated for
as many ground measuring sites as possible, to improve the accuracy of the
retrieved AOD [31].
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3.1.2.2 OMI

The Ozone Monitoring Instrument (OMI) is a space-borne spectrometer,
which has global coverage on a daily basis with a spatial resolution of 13 � 24 km at
nadir. This instrument measures reflected and backscattered solar radiation in
UV-visible spectrum (from 250 to 500 nm). Absorbing aerosol index (AAI) or
simply aerosol index (AI) is obtained from OMI (http://www.temis.nl/airpollution/
absaai/absaai-omi.php?year=2012&datatype=data&freq=daily) gridded daily global
level 3 data (NetCDF data format) which is available on ESA Tropospheric Emission
Monitoring Internet Service (TEMIS).

The AI is expressed in the following equation:

AI ¼ �100 log
Iλ1
Iλ2

� �

meas

� �
þ 100 log

Iλ1
Iλ2

ALERλ1ð Þ
ALERλ2ð Þ

� �

calc

� �
(6)

ALER is the surface Lambert equivalent albedo which is dependent on wave-
length. AI at 388 nm is obtained using λ1 (342.5 nm) and λ2 (388 nm) and is the
residue between the measured and calculated radiance assuming Lambert equiva-
lent reflectivity [32, 33]. Tthe presence of absorbing aerosols such as dust and
smoke result in positive AI values (>0.2) and high negative values (<�0.2) repre-
sent fine non absorbing particles such as sulfates, while AAI values close to zero
(�0.2) correspond to clouds or coarse mode non absorbing aerosols [34].

The magnitude of AI is influenced by parameters such as solar zenith angle,
aerosol layer height, cloud reflectivity, and pressure but uncertainty/variability can
be minimized through seasonal/annual averages [32]. Kascoutis et al. [32] observed
that the exclusion of negative AI values may not lead to a true representation of
the AI levels at a particular site.

4. Results and discussion

4.1 Seasonal variability in aerosol optical depth

Hareef Baba Shaeb et al. [6] observed that AOD values are observed to be lowest
throughout the monsoon because of stronger upper winds, cloud scavenging pro-
cess and rain wash out [35, 36]. Throughout the post monsoon, aerosols build up
slowly and presumably undergo hygroscopic (absorptive) growth in water vapor
(RH > 50%) resulting in increase in AOD. In the winter season, AOD exhibits a lot
of variability, at first decreasing for the month of December and so steady increas-
ing throughout January and February months. This will be attributed to substancial
increase in CWC and temperature from December to January and February. AOD
rises in its manitude from winter to summer. High temperature, in association
with robust surface winds throughout summer plays a very important role in
heating and lifting the top soil layer. This high convective activity and frequent
prevalence of long range transport of dust from northwestern India cause increase
in AOD throughout this season [37].

Figure 3 shows annual average Moderate Resolution Imaging Instrument
(MODIS) Terra AOD550 over the Indian subcontinent and surrounding regions.
AOD is found to be significant (AOD > 0.7) over northwest, IGP, North east and
other parts of India shows relatively less AOD (<0.45).

High AOD500 (0.64 � 0.08) is observed throughout PMS. High temperature, in
association with sturdy surface winds, throughout summer plays a vital role in
heating and lifting the loose soil. The incursion of wet air either from the Bay of
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Bengal or Arabian Sea and/or operation of any trigger mechanism produce
conditions contributing for the explosive convective development. This high
convective activity and frequent incidence of long range transport of dust from
northwestern result in increase in AOD throughout this season [36].

The monsoon typically advances over central India throughout the top of second
week or within the third week of June and this can be characterized by severe
weather activity i.e., heavy rain, thunderstorm etc. AOD500 values (0.38 � 0.06)
are determined to be lower throughout the monsoon season because of stronger
higher winds, cloud removal and rain out processes [38]. The withdrawal of mon-
soon is characterized by the reversal of winds from South West to North East.
During the post monsoon, aerosols build up slowly and possibly undergo hygro-
scopic growth in water vapor (RH > 50%) leading to increase in AOD500

(0.5 � 0.02). The winter season is characterized by dry and cold weather. In the
winter season, AOD500 is less (0.42 � 0.15) compared to post monsoon season.

4.2 Seasonal variability in columnar water vapor

A temporal variation of columnar water vapor content (CWC) values for the
period from July 2008 to June 2009 is reported by Hareef Baba Shaeb et al. [6].
Minimum columnar water vapor content value of 0.61 g/cm2 and maximum value
of 3.26 g/cm2 is observed in the months of March 2009 and July 2008 respectively.
There exists a well defined seasonal variation in CWC, with the maximum value
during the monsoon months and minimum during winter months. Similar
variations in columnar water vapor have been observed at other Indian
locations [39–42].

Figure 3.
Annual average moderate resolution imaging instrument (MODIS) Terra AOD550 over the Indian
subcontinent and surrounding regions.
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It is seen that minimum CWC happens wihin the month of March and starts
increasing till July and remains high throughout southwest monsoon months
(June–September). CWC starts decreasing shortly once the monsoon season ends
from the month of October and then a secondary minimum happens throughout
the month of December.

Very good correlation R2 � 0.7 (R2 � 0.5) is observed between RH (%) and
CWC in summer and the monsoon (post monsoon and winter). This signifies the
correlation between near surface and columnar water vapor amounts.

4.3 Seasonal variations in BC mass concentration

Seasonal variations of BC aerosol mass concentration showed high values,
during the post monsoon (4.4 � 0.9 μg m�3) followed by winter (4.2 � 0.6 μg m�3)
season and low values during the monsoon (2.4 � 0.6 μg m�3) followed by pre
monsoon (3.3 � 0.6 μg m�3) season. The variation is shown in the form of bar
chart in Figure 4.

The annual average BC concentration is found to be 3.57 � 0.7 μg m�3 and this
is 20% more than the value found for the year 2011. High values of wind speed
(and total rain fall) during monsoon and pre monsoon seasons may be responsible
for observed low values of BC mass concentrations. During winter and post
monsoon low temperatures (which keep mixed layer height low), low relative
humidity leads to observed high concentrations at the surface level.

4.4 Comparisons with other locations in India

The BC mass concentrations have been compared with the measurements
reported from other locations in India. This value (3.57 � 0.7 μg m�3) is lower
compared to urban areas like Ahmedabad, Pune and much lower in comparison to
urban and industrial locations like Delhi and Mumbai (Table 1).

Figure 4.
Seasonal variation of black carbon concentration measured using an Aethalometer at Nagpur, during the year
2012.
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4.5 Seasonal variations in mixed layer depth

In order to estimate mixed layer height (MLH), the raw data on temperature,
pressure, relative humidity and geographical position (latitude, longitude and
altitude) as a function of time at every 1 s, are filtered and regridded at 10 m regular
interval. The top of mixed layer is defined as the altitude where the vertical
gradients inθv exceeded 3 K km�1. The equations used and procedure to obtain
MLH is explained in Ref. [16] hence not repeated. The mean mixed layer height
values for PMS, SMS, PoMS and winter are found to be 3014 � 1187, 832 � 452,
1871 � 506 and 1488 � 706 m respectively, therfore showing the least values in
monsoon season, highest values in pre monsoon and moderate to low values in post
monsoon and winter seasons [16].

According to Ref. [16] the main conclusion from association of MLH with BC is
a good association between MLH and MBC was seen during dry period of the year
(winter and PMS). However, during wet period the association between MBCand
MLH is low.

Station Location/
environment

Period Mean MBC (μg m�3) Reference

Srinagar (34.06 °N,
74.78°E)

Northern India/urban Jan 2013-Dec
2013

6 [43]

Darjeeling (27.03°
N, 88.26°E)

Eastern India Jan 2010 to Dec
2011

3.45 [44]

Dayalbagh, Agra
(27.23°N, 78.0026°
E)

Northern India (Indo-
Gangetic basin)/urban

May 2014 to April
2015

9.5 [45]

Kanpur (26.46°N,
80.32°E)

Northern India
(central part of IGP)/

urban

8 January 2015 to
28 February 2015

4.06 � 2.46 [46]

Ooty (11.4°N, 76.7°
E)

South India (Western
ghats)/

April 2010 to
May 2012

0.96 � 0.35 (summer)
0.23 � 0.06 (monsoon)

[47]

Ahmedabad
(23.03°N, 72.55°E)

Western India/urban Winter 11.6 � 2.9 [48]

Mumbai (19.13°N,
72.91°E)

Western Coast/urban
industrial

January to March
1999

12.5 [49]

Ananthapur
(14.36°N, 77.65°E)

Southern plateau/rural
(semi-arid)

August 2006 to
July 2007

1.97 [50]

Hyderabad (17.47°
N, 78.58°E)

South-Central India/
urban

January to July
2003

0.5–68 (dry season)
0.5–45 (wet season)

[51]

Kharagpur (22.5°N,
87.3°E)

Eastern coast of North
India/industrialized

2004–2008 6.50 � 3.04 [52]

New Delhi (28.63°
N, 77.17°E)

North India/urban
industrial Southern

May 2001 to
April 2002

17.9 (6.7–27.9) [53]

Trivandrum (8.5°
N, 77°E)

Sothern peninsular
semiurban/coastal

August 2000 to
October 2001

0.3–5 [54]

Pune (18.53°N,
73.85°E)

Western/urban January to
December 2005

4.1 [55]

Table 1.
BC values reported by different authors.
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4.6 Seasonal variability in absorbing aerosol index

Annual mean variation of AAI for the year 2011 is shown in Figure 5. The
positive values (>0.2) which represent absorbing aerosols such as dust is present in
north western region (Thar desert region) and it extends even to IGP region
though with less concentrations. Over Southern India the AAI values are negative
indicating lesser influence of dust related aerosol particles.

Monthly mean variation of AAI at Nagpur is shown in Figure 6. AAI values are
highly positive (>0.2) during pre-monsoon months (Mar, April, May) indicating
dominance of absorbing aerosols such as dust while highly negative (<�0.2) during
Monsoon (Jun, Jul, Aug, Sept) indicating the presence of non-absorbing aerosols
such as sulfates. During winter (Dec, Jan, Feb) the AAI values close to zero (�0.2)
indicates the presence of clouds or coarse mode non absorbing aerosols.

4.7 Hysplit back trajectories

Hareef et al. [56] analyzed the airmass back trajectories in association with forest
fires for various seasons specifically, PMS, SMS, PoMS and winter. Analysis urged
that in PMS, the air masses were started from the biomass burning regions, desert

Figure 5.
Annual mean variation of AAI over India.
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regions and also from marine regions. During SMS, as a result of the sustained south
westerly flow of the monsoon winds, the air masses were largely of marine origin.
Throughout the post monsoon season, the dominant air masses were started from
north India, as well as transport of air masses from biomass burning, i.e., Punjab
region. Throughout winter, the origins of air masses were set in eastern India and
IGP region. Figure 7 shows example back trajectory starting at 09:00 UTC on 12
Aug 2012 at the Nagpur location.

4.8 Comparison with MODIS aerosol and water vapor products

The geophysical parameters retrieved from satellites need to be validated against
the ground measurements in order to understand the retrieval errors and to correct
them accordingly. This validation exercise needs to be performed for different
surfaces globally. Towards this, detailed validation of MODIS AOD products of
different versions with distinct spatial resolutions by using the ground-based multi
wavelength radiometer and MICROTOPS sun photometer has been performed by
several authors over the Indian subcontinent (e.g., [57–61]). The studies found
MODIS overestimating the AOD values during the summer and underestimating
during winter. Hareef et al. [56] validated the MODIS aerosol product version C005
over the central Indian region where there is no validation exercise done so far.
Authors found a high correlation of 0.75 observed indicates that the MODIS can
capture the seasonal variability well, and a slope of 0.65 implies an underestimation
of 35% lower AOD compared to sun photometer. In the MODIS AOD retrieval
algorithm, by default neutral aerosol model (Single Scattering Albedo (SSA) � 0.9)
was set for a major part of Asia [62, 63] for different seasons in a year. Absorbing
(SSA � 0.85) or non-absorbing (SSA � 0.95) models were applied in rest of the
world. This is supported by the aerosol varieties determined in AERONET sites
situated at different parts around the world and supported the condition that If
either the non-absorbing or the absorbing aerosol occupied more than 40% of the
pie, and the other occupied less than 20%, then the location was selected as the
dominant aerosol type. In India, there is just one AERONET site (IIT Kanpur: 26.28°
N, 80.24°E) situated inside the IGP region and aerosol varieties determined there is

Figure 6.
Monthly variation of AAI at Nagpur.
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indicates the presence of clouds or coarse mode non absorbing aerosols.

4.7 Hysplit back trajectories

Hareef et al. [56] analyzed the airmass back trajectories in association with forest
fires for various seasons specifically, PMS, SMS, PoMS and winter. Analysis urged
that in PMS, the air masses were started from the biomass burning regions, desert

Figure 5.
Annual mean variation of AAI over India.
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regions and also from marine regions. During SMS, as a result of the sustained south
westerly flow of the monsoon winds, the air masses were largely of marine origin.
Throughout the post monsoon season, the dominant air masses were started from
north India, as well as transport of air masses from biomass burning, i.e., Punjab
region. Throughout winter, the origins of air masses were set in eastern India and
IGP region. Figure 7 shows example back trajectory starting at 09:00 UTC on 12
Aug 2012 at the Nagpur location.

4.8 Comparison with MODIS aerosol and water vapor products

The geophysical parameters retrieved from satellites need to be validated against
the ground measurements in order to understand the retrieval errors and to correct
them accordingly. This validation exercise needs to be performed for different
surfaces globally. Towards this, detailed validation of MODIS AOD products of
different versions with distinct spatial resolutions by using the ground-based multi
wavelength radiometer and MICROTOPS sun photometer has been performed by
several authors over the Indian subcontinent (e.g., [57–61]). The studies found
MODIS overestimating the AOD values during the summer and underestimating
during winter. Hareef et al. [56] validated the MODIS aerosol product version C005
over the central Indian region where there is no validation exercise done so far.
Authors found a high correlation of 0.75 observed indicates that the MODIS can
capture the seasonal variability well, and a slope of 0.65 implies an underestimation
of 35% lower AOD compared to sun photometer. In the MODIS AOD retrieval
algorithm, by default neutral aerosol model (Single Scattering Albedo (SSA) � 0.9)
was set for a major part of Asia [62, 63] for different seasons in a year. Absorbing
(SSA � 0.85) or non-absorbing (SSA � 0.95) models were applied in rest of the
world. This is supported by the aerosol varieties determined in AERONET sites
situated at different parts around the world and supported the condition that If
either the non-absorbing or the absorbing aerosol occupied more than 40% of the
pie, and the other occupied less than 20%, then the location was selected as the
dominant aerosol type. In India, there is just one AERONET site (IIT Kanpur: 26.28°
N, 80.24°E) situated inside the IGP region and aerosol varieties determined there is

Figure 6.
Monthly variation of AAI at Nagpur.
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used in the retrieval of AOD for other locations. During PMS main aerosol types
observed over Nagpur location, were UB and DD, however MODIS algorithm
assumes neutral aerosol whereas there is a good proportion of UB is present that is
of absorbing type. The absolute error between AOD measured (the sun photometer)
to that of MODIS retrieved AOD is maximum (0.29) for this season. A decent
variety of MODIS fire locations over central India and back trajectories additionally
indicate that there is a transport from such places. This can cause underestimation of
AOD, as for absorbing aerosols if the algorithm assumes the scattering aerosols, it
will incorrectly assign a smaller AOD value to match calculated radiance with deter-
mined radiance resulting in underestimation of the AOD (retrieved from satellite).
The Single Scattered Albedo for black carbon aerosols because of biomass burning is
considerably not up to that of dust particles. This might be the rationale, whereas
different authors reported overestimation of MODIS AOD compared to ground
measured AOD, over this region, Hareef et al. [56] had observed the underestima-
tion because of the significant amount of black carbon.

Figure 7.
Forward trajectories starting at 09:00 UTC on 12 Aug 2012 at the Nagpur location.
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The authors concluded that the MODIS aerosol optical depth retrievals do not
represent, accurately, true observations in central India, and therefore cannot be
well applied there. This could be attributed to a complex nature of surface
conditions and aerosol varieties and seasonal nature of surface reflectance and
aerosol models over completely different ecological and geographic regions. Thus
we recommend better absorbing type of model and conjointly embody
seasonally dynamic changing land use/land cover options in central India for
correct retrieval.

Hareef et al. [56] reported columnar water vapor (CWC) amount measured
using a sun photometer over this region as typically in the 0.4–4 cm range. There
exists a well-defined seasonal variation in CWC, with the maximum value
during the monsoon months and minimum during winter months. Similar varia-
tions in CWC have been observed from other locations in India [5, 40]. The
validation of gridded products (MODIS) is important as they are used for assimila-
tion in numerical weather prediction and global climate models [64]. For this
purpose, detailed validation of MODIS water vapor product is attempted.
Validation of MODIS TERRA retrieved water vapor (NIR) with Sun
photometer suggests 20% overestimation by MODIS with correlation
coefficient 0.89, which has been attributed to errors due to turbidity or haze in
the atmosphere.

5. Conclusions

This chapter presents the aerosol studies over Nagpur, a tropical station in
central India. The main conclusions of the study are summarized as follows:

1. AOD showed highest value (0.64 � 0.08) during the summer, while lowest
during the monsoon season (0.38 � 0.06).

2. There exists a well-defined seasonal variation in columnar water vapor content
(CWC), with the maximum value during the monsoon months and minimum
during winter months. Columnar water vapor (CWC) amount measured using
a sun photometer over this region as typically in the 0.4–4 cm range.

3.Comparison of AOD (MODIS) and water vapor (NIR) (MODIS), with the sun
photometer observations, indicates an underestimation of 35% lower AOD
(correlation coefficient �0.75) and overestimation of 20% higher water vapor
(correlation coefficient �0.89) respectively.

4.Aerosol transport analysis suggests during PMS, the air masses were originated
from the biomass burning regions, desert regions and also from marine
regions.

5. Seasonal variations of BC aerosol mass concentration showed high values,
during the post monsoon (4.4 � 0.9 μg m�3) followed by winter
(4.2 � 0.6 μg m�3) season and low values during the monsoon
(2.4 � 0.6 μg m�3) followed by pre monsoon (3.3 � 0.6 μg m�3) season.

6.The BC mass concentrations have been compared with the measurements
reported from other locations in India indicating the lower value compared to
urban areas like Ahmedabad, Pune and much lower in comparison to urban
and industrial locations like Delhi and Mumbai.
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The authors concluded that the MODIS aerosol optical depth retrievals do not
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seasonally dynamic changing land use/land cover options in central India for
correct retrieval.
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exists a well-defined seasonal variation in CWC, with the maximum value
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tions in CWC have been observed from other locations in India [5, 40]. The
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tion in numerical weather prediction and global climate models [64]. For this
purpose, detailed validation of MODIS water vapor product is attempted.
Validation of MODIS TERRA retrieved water vapor (NIR) with Sun
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a sun photometer over this region as typically in the 0.4–4 cm range.
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photometer observations, indicates an underestimation of 35% lower AOD
(correlation coefficient �0.75) and overestimation of 20% higher water vapor
(correlation coefficient �0.89) respectively.

4.Aerosol transport analysis suggests during PMS, the air masses were originated
from the biomass burning regions, desert regions and also from marine
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5. Seasonal variations of BC aerosol mass concentration showed high values,
during the post monsoon (4.4 � 0.9 μg m�3) followed by winter
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reported from other locations in India indicating the lower value compared to
urban areas like Ahmedabad, Pune and much lower in comparison to urban
and industrial locations like Delhi and Mumbai.
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7. Seasonally the mean MLH values show the lowest in monsoon, highest values
in PMS and moderate to low values in PoMS and winter.

8.AAI values are highly positive during pre-monsoon months, indicating
dominance of absorbing aerosols such as dust while highly negative during
monsoon indicating the presence of non-absorbing aerosols such as sulfates.
During winter the AAI values close to zero indicates the presence of clouds or
coarse mode non absorbing aerosols.
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Chapter 4

Recent Advances for Polycyclic
Aromatic Analysis in Airborne
Particulate Matter
Hugo Saldarriaga-Noreña, Rebecca López-Márquez,
Mario Alfonso Murillo-Tovar, Mónica Ivonne Arias-Montoya,
Jorge Antonio Guerrero-Álvarez and Josefina Vergara-Sánchez

Abstract

Polycyclic aromatic hydrocarbons (PAHs) are formed in natural processes dur-
ing combustion of biomass (e.g., forest fires) and by anthropogenic activities at
high temperatures. In according with the suggestion the major sources of PAHs in
the environment. The main sources of PAHs come basically from heat and power
generation (e.g., coal, gas, wood, and oil), industrial processes (e.g., coke produc-
tion), refuse burning and vehicle emissions. Human exposure to airborne PAHs can
result from these processes, as well as from emissions from other sources, such as
cooking, smoking, and materials containing PAHs (e.g., petroleum products and
fuels). The potential serious health effects resulting from acute and chronic human
exposure to PAHs are of concern. For this reason, the identification and quantifica-
tion of PAHs in airborne particles have been a real challenge, given the multiple
impacts that these substances represent for human health. In the last decade, mul-
tiple technological developments have been implemented, ranging from sampling
systems, extraction and analysis of these compounds with the aim of obtaining
more accurate and reliable results. This chapter was prepared to describe and to
assess the state of the art about the evolution and application of sampling, extrac-
tion and analysis methodologies for the determination of PAHs in airborne particles.

Keywords: airborne particles, PAHs, cleanup, GC-MS/MS

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) comprise a large variety of organic
compounds whose main characteristic is that they are formed by the fusion of
benzene rings [1]. PAHs are originated mainly from incomplete pyrolysis of organic
materials. Pyrolysis is the process in which organic compounds such as fuels
undergo a change in the molecular structure at high temperature without sufficient
oxygen concentration. These reactions are mainly dependent on temperature and
concentration and are generally endothermic [2].

During combustion at high temperatures and relatively low amounts of oxygen,
part of the combustible material is fragmented into small molecular masses, usually
to free radicals by pyrolysis (approximately 500–800°C), which recombine to give
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rise to the PAHs by pyrosynthesis by decreasing the temperature. Once PAH of low
molecular weight is formed, (e.g., naphthalene, 128) the pyrosynthesis process
continues with “zigzag additions,” which generates high molecular weight PAH [3].

PAHs are categorized as low molecular weight (LMW) and high molecular
weight (HMW) based on molecular structure. The LMW PAHs include two and
three rings structure while HMW PAHs comprise four and more rings structure.
The carcinogenicity of PAHs increased with increasing molecular weight [4].

PAHs are ubiquitous pollutants in the atmosphere. The behavior of PAHs in the
atmosphere depends on complex physicochemical reactions, interactions with other
pollutants, photochemical transformations, and dry and wet deposition. PAHs in the
ambient air exist in vapor phase or adsorb into airborne particulate matter depending
on the atmospheric conditions (ambient temperature, relative humidity, etc.), the
nature (i.e., origin and properties) of the aerosol, and the properties of the individual
PAH [5]. The physicochemical properties of PAHs make them highly mobile in the
environment, allowing them to distribute across air, soil, and water bodies where
their presence is ubiquitous. PAHs are widely distributed in the atmosphere. The
PAHs entering the atmosphere can be transported over long distances before deposi-
tion through atmospheric precipitation onto soils, vegetation or water [5].

The adsorption of PAHs onto particulate phases can also be affected by the
humidity. Moreover, PAH adsorption also depends on the types of suspended partic-
ulates (e.g., soot, dust, fly ash, pyrogenic metal oxides, pollens, etc.) and the amounts
of dust in the air influence PAH concentrations in the particulate phase [5].

PAHs are known to be toxic and carcinogenic [6]. They are metabolized in the
body through oxidation by P450 enzymes and may produce carcinogenic metabo-
lites. These metabolites have been shown to induce lung and skin tumors in animals
[7]. People can be exposed through polluted air from urban or industrial environ-
ments, tobacco smoke, and diet [6]. The carcinogenicity of the PAHs usually
increases with increased number of aromatic rings and higher molecular weight,
while low molecular weight PAHs are more acute toxic [7]. Many hundreds of PAHs
exist in the environment, but the US Environmental Protection Agency (USEPA)
has listed 16 as “Consent Decree” priority pollutants chosen because, because of the
likelier risk to be exposed to them, the high amount of information about them, and
that they are believed to be more harmful [7] (Table 1).

PAH
compound (s)

MW
(g/
mol)

CAS Molecular
formula

Carcinogenic
classification

Agency Structure

Naphthalene 128 91-
20-3

C10H8 Not classifiable as
to human
carcinogenicity

U.S.
Environmental
Protection Agency
(EPA)

Acenaphthylene 152 208-
96-8

C12H8 Not classifiable as
to human
carcinogenicity

U.S.
Environmental
Protection Agency
(EPA)

Acenaphthene 154 83-
32-9

C12H10 It has not been
studied yet

U.S.
Environmental
Protection Agency
(EPA)

Fluorene 166 86-
76-7

C13H10 Not classifiable as
to their
carcinogenicity to
humans

International
Agency for
Research on
Cancer (IARC)
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PAH
compound (s)

MW
(g/
mol)

CAS Molecular
formula

Carcinogenic
classification

Agency Structure

Phenanthrene 178 85-
01-8

C14H10 Not classifiable as
to their
carcinogenicity to
humans

International
Agency for
Research on
Cancer (IARC)

Anthracene 178 120-
12-7

C14H10 Not classifiable
as to their
carcinogenicity
tohumans

International
Agency for
Research on
Cancer (IARC)

Fluoranthene 202 206-
44-0

C16H10 Not classifiable
as to their
carcinogenicity
to humans

International
Agency for
Research on
Cancer (IARC)

Pyrene 202 129-
00-0

C16H10 Not classifiable
as to their
carcinogenicity
to humans

International
Agency for
Research on
Cancer (IARC)

Benzo(a)
anthracene

228 56-
55-3

C18H12 Probably
carcinogenic
to humans

International
Agency for
Research on
Cancer (IARC)

Chrysene 228 218-
01-9

C18H12 Not classifiable as
to their
carcinogenicity to
humans

International
Agency for
Research
on Cancer
(IARC)

Benzo(b)
fluoranthene

252 205-
99-2

C20H12 Probable human
carcinogens

U.S.
Environmental
Protection Agency
(EPA)

Benzo(k)
fluoranthene

252 207-
08-9

C20H12 Probable human
carcinogens

U.S.
Environmental
Protection Agency
(EPA)

Benzo(a)pyrene 252 50-
32-8

C20H12 Probable human
carcinogens

U.S.
Environmental
Protection Agency
(EPA)

Indeno(1 2 3-
cd)pyrene

276 193-
39-5

C22H12 Probable human
carcinogens

U.S.
Environmental
Protection Agency
(EPA)

Dibenzo(a,h)
anthracene

278 53-
07-3

C22H14 Probable human
carcinogens

U.S.
Environmental
Protection Agency
(EPA)

Benzo(g,h,i)
perylene

276 191-
24-2

C22H12 Not classifiable
as to their
carcinogenicity
to humans

International
Agency for
Research
on Cancer
(IARC)

Table 1.
Some characteristics and carcinogenic classification for PAHs.
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rise to the PAHs by pyrosynthesis by decreasing the temperature. Once PAH of low
molecular weight is formed, (e.g., naphthalene, 128) the pyrosynthesis process
continues with “zigzag additions,” which generates high molecular weight PAH [3].

PAHs are categorized as low molecular weight (LMW) and high molecular
weight (HMW) based on molecular structure. The LMW PAHs include two and
three rings structure while HMW PAHs comprise four and more rings structure.
The carcinogenicity of PAHs increased with increasing molecular weight [4].

PAHs are ubiquitous pollutants in the atmosphere. The behavior of PAHs in the
atmosphere depends on complex physicochemical reactions, interactions with other
pollutants, photochemical transformations, and dry and wet deposition. PAHs in the
ambient air exist in vapor phase or adsorb into airborne particulate matter depending
on the atmospheric conditions (ambient temperature, relative humidity, etc.), the
nature (i.e., origin and properties) of the aerosol, and the properties of the individual
PAH [5]. The physicochemical properties of PAHs make them highly mobile in the
environment, allowing them to distribute across air, soil, and water bodies where
their presence is ubiquitous. PAHs are widely distributed in the atmosphere. The
PAHs entering the atmosphere can be transported over long distances before deposi-
tion through atmospheric precipitation onto soils, vegetation or water [5].

The adsorption of PAHs onto particulate phases can also be affected by the
humidity. Moreover, PAH adsorption also depends on the types of suspended partic-
ulates (e.g., soot, dust, fly ash, pyrogenic metal oxides, pollens, etc.) and the amounts
of dust in the air influence PAH concentrations in the particulate phase [5].

PAHs are known to be toxic and carcinogenic [6]. They are metabolized in the
body through oxidation by P450 enzymes and may produce carcinogenic metabo-
lites. These metabolites have been shown to induce lung and skin tumors in animals
[7]. People can be exposed through polluted air from urban or industrial environ-
ments, tobacco smoke, and diet [6]. The carcinogenicity of the PAHs usually
increases with increased number of aromatic rings and higher molecular weight,
while low molecular weight PAHs are more acute toxic [7]. Many hundreds of PAHs
exist in the environment, but the US Environmental Protection Agency (USEPA)
has listed 16 as “Consent Decree” priority pollutants chosen because, because of the
likelier risk to be exposed to them, the high amount of information about them, and
that they are believed to be more harmful [7] (Table 1).

PAH
compound (s)

MW
(g/
mol)

CAS Molecular
formula

Carcinogenic
classification

Agency Structure

Naphthalene 128 91-
20-3

C10H8 Not classifiable as
to human
carcinogenicity

U.S.
Environmental
Protection Agency
(EPA)

Acenaphthylene 152 208-
96-8

C12H8 Not classifiable as
to human
carcinogenicity

U.S.
Environmental
Protection Agency
(EPA)

Acenaphthene 154 83-
32-9

C12H10 It has not been
studied yet

U.S.
Environmental
Protection Agency
(EPA)

Fluorene 166 86-
76-7

C13H10 Not classifiable as
to their
carcinogenicity to
humans

International
Agency for
Research on
Cancer (IARC)

54

Hydrocarbon Pollution and Its Effect on the Environment

PAH
compound (s)

MW
(g/
mol)

CAS Molecular
formula

Carcinogenic
classification

Agency Structure

Phenanthrene 178 85-
01-8

C14H10 Not classifiable as
to their
carcinogenicity to
humans

International
Agency for
Research on
Cancer (IARC)

Anthracene 178 120-
12-7

C14H10 Not classifiable
as to their
carcinogenicity
tohumans

International
Agency for
Research on
Cancer (IARC)

Fluoranthene 202 206-
44-0

C16H10 Not classifiable
as to their
carcinogenicity
to humans

International
Agency for
Research on
Cancer (IARC)

Pyrene 202 129-
00-0

C16H10 Not classifiable
as to their
carcinogenicity
to humans

International
Agency for
Research on
Cancer (IARC)

Benzo(a)
anthracene

228 56-
55-3

C18H12 Probably
carcinogenic
to humans

International
Agency for
Research on
Cancer (IARC)

Chrysene 228 218-
01-9

C18H12 Not classifiable as
to their
carcinogenicity to
humans

International
Agency for
Research
on Cancer
(IARC)

Benzo(b)
fluoranthene

252 205-
99-2

C20H12 Probable human
carcinogens

U.S.
Environmental
Protection Agency
(EPA)

Benzo(k)
fluoranthene

252 207-
08-9

C20H12 Probable human
carcinogens

U.S.
Environmental
Protection Agency
(EPA)

Benzo(a)pyrene 252 50-
32-8

C20H12 Probable human
carcinogens

U.S.
Environmental
Protection Agency
(EPA)

Indeno(1 2 3-
cd)pyrene

276 193-
39-5

C22H12 Probable human
carcinogens

U.S.
Environmental
Protection Agency
(EPA)

Dibenzo(a,h)
anthracene

278 53-
07-3

C22H14 Probable human
carcinogens

U.S.
Environmental
Protection Agency
(EPA)

Benzo(g,h,i)
perylene

276 191-
24-2

C22H12 Not classifiable
as to their
carcinogenicity
to humans

International
Agency for
Research
on Cancer
(IARC)

Table 1.
Some characteristics and carcinogenic classification for PAHs.
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2. Methodology and analysis of polycyclic aromatic compounds in
airborne particles

2.1 Sampling

The partition of PAHs between gas and particulate phases in the atmosphere
fundamentally depends on the vapor pressure, temperature, atmospheric pressure,
and the concentration [8, 9]. PAHs having two rings exist in the gas phase, PAHs
having three and four rings are in both phases and PAHs having five rings or more
exist in the particle phase [10].

The standard methods to measure PAHs in ambient air are active samplers, and
these equipment use a pump to draw the air into the sampler, through the filter and
the following adsorbent.

The samplers have a sampling module which often consists of two compart-
ments: a filter and a solid adsorbent to collect the particle associated and the gas
phase pollutants, respectively. The filter, often teflon, glass or quartz fiber, is placed
in the inlet of the sampler [11–15]. The solid adsorbent normally consists of a
polyurethane foam (PUF) plug or a sorbent tube with XAD-2 or Tenax depending
on the target pollutants and the capacity required; the adsorbent also retains pol-
lutants that volatilize from the particles on the filter during sampling.

The other alternative is passive samplers, in contrast to active samplers, not in
need of a pump and electricity to collect pollutants. Instead, the collection is based
on a free flow of pollutants from the air to the collecting medium. Most of the
existing passive samplers are designed for gas sampling of semi-volatile organic
compounds and based on high capacity sampling against a linear sampling rate for
long durations such as weeks or months. Polyurethane (SPMDs), XAD-resin based
samplers and membrane samplers are such examples [16–18].

In conclusion, sampling equipment can be active or passive, must be compatible
and consistent with the analysis method and the monitoring objectives.

2.2 Extraction and cleanup

Given the complexity of environmental matrices, specialized analytical proce-
dures are required for the determination of PAHs. The analytical procedures must
include different stages for extraction of compounds from complex samples, puri-
fication and detection techniques for multicomponent mixtures that consist of
compounds with a wide range of molecular weights, volatilities and polarities.

The extraction of PAHs from airborne particulates is mainly done through
methods based on the use of solvents [19]. Being soxleth and ultrasound techniques
the most commonly used for extracting soluble organic matter [20]. Subsequently,
other solvent-based methods have been developed, accelerated solvent extraction
and microwave extraction, both methods have the characteristics that use less
solvent and extraction time [21, 22]. Finally, solid phase microextraction (SPME)
was adapted for the extraction of PAHs associated with airborne particles, specifi-
cally for those of low molecular weight (less than four rings). The main character-
istic of this method is that it uses very small amounts of solvents compared to the
other extraction techniques mentioned [23]. Table 2 shows a summary of the main
techniques for the extraction of organic compounds from environmental matrices,
some characteristics and applications.

PAHs extracts from airborne particulate matter represent a very complex matrix
in trace amounts, which contain saturated hydrocarbons, nitrogen, oxygen, and
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sulfur heterocompounds, among others, what difficult the identification of the
PAHs identification in environmental samples [24–26]. After liquid extraction, a
cleanup procedure is recommended to eliminate some interferences that can affect
the PAHs detection in the chromatographic analysis. The most common cleanup
procedures are as follows: liquid-liquid extraction (LLE) and solid phase extraction
(SPE) with silica gel and/or C18 cartridges [27, 28].

Techniques Characteristics Analytes References

Soxhlet It has been so far applied for organic
compound extraction from solid
matrices due to its high extraction
efficiency

PAHs, polybrominated
diphenyl ethers (PBDEs),
polychlorinated biphenyls
(PCBs), among others

[29–31]

Ultrasound
assisted
extraction
(UAE)

Ultrasound energy has also been
widely used for the leaching of organic
and inorganic compounds from solid
matrices

Pharmaceutical
Endocrine disruptor
compounds (EDCs),
perfluorochemicals (PFCs),
antibiotics,
tetrabromobisphenol-A
(TBBPA) PAHs, phthalate
esters (PEs), PCBs,
nonylphenols (NPs),
nonylphenol ethoxylates
(NPEOs) and
pharmaceuticals and
personal care products

[32–35]

Pressurized
liquid extraction
(PLE)

Pressure is applied to allow the use of
extraction solvents or mixtures at
temperatures higher than their normal
boiling point. The increase on the
extraction temperature can promote
higher analyte solubility by increasing
both solubility and mass transfer rate

Perfluorinated acids (PFAs),
perfluorosulfonates (PFSs)
and
perfluoroctanesulfonamide
PAHs

[36, 37]

Microwave-
assisted
extraction
(MAE)

Microwave-assisted extraction (MAE)
uses microwave energy to heat the
sample-solvent mixture. This
technique reduces the extraction times
and the extractant amount for the
extraction of organic compounds from
solid matrices

PAHs in airborne particles,
17-estradiol (E2), estriol
(E3), 17-ethinyl estradiol
(EE2)

[38, 39]

Supercritical
fluid extraction
(SFE)

Supercritical fluid extraction is an
alternative extraction method with the
advantages of reduced solvent
consumption and extraction time
compared with the classical extraction
techniques. Carbon dioxide is
commonly used as fluid and methanol
is added as organic modifier when
polar compounds are extracted

PAHs in marine sediment [40, 41]

Solid Phase
Microextraction
(SPME)

It is used specifically for the extraction
of low molecular weight organic
compounds, from liquid, air and solid
matrix

PAHs or polybrominated
biphenyls (PBBs)

[42]

Table 2.
Classification of the main extraction techniques, characteristics and applications.
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these equipment use a pump to draw the air into the sampler, through the filter and
the following adsorbent.
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The other alternative is passive samplers, in contrast to active samplers, not in
need of a pump and electricity to collect pollutants. Instead, the collection is based
on a free flow of pollutants from the air to the collecting medium. Most of the
existing passive samplers are designed for gas sampling of semi-volatile organic
compounds and based on high capacity sampling against a linear sampling rate for
long durations such as weeks or months. Polyurethane (SPMDs), XAD-resin based
samplers and membrane samplers are such examples [16–18].

In conclusion, sampling equipment can be active or passive, must be compatible
and consistent with the analysis method and the monitoring objectives.

2.2 Extraction and cleanup

Given the complexity of environmental matrices, specialized analytical proce-
dures are required for the determination of PAHs. The analytical procedures must
include different stages for extraction of compounds from complex samples, puri-
fication and detection techniques for multicomponent mixtures that consist of
compounds with a wide range of molecular weights, volatilities and polarities.

The extraction of PAHs from airborne particulates is mainly done through
methods based on the use of solvents [19]. Being soxleth and ultrasound techniques
the most commonly used for extracting soluble organic matter [20]. Subsequently,
other solvent-based methods have been developed, accelerated solvent extraction
and microwave extraction, both methods have the characteristics that use less
solvent and extraction time [21, 22]. Finally, solid phase microextraction (SPME)
was adapted for the extraction of PAHs associated with airborne particles, specifi-
cally for those of low molecular weight (less than four rings). The main character-
istic of this method is that it uses very small amounts of solvents compared to the
other extraction techniques mentioned [23]. Table 2 shows a summary of the main
techniques for the extraction of organic compounds from environmental matrices,
some characteristics and applications.

PAHs extracts from airborne particulate matter represent a very complex matrix
in trace amounts, which contain saturated hydrocarbons, nitrogen, oxygen, and
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sulfur heterocompounds, among others, what difficult the identification of the
PAHs identification in environmental samples [24–26]. After liquid extraction, a
cleanup procedure is recommended to eliminate some interferences that can affect
the PAHs detection in the chromatographic analysis. The most common cleanup
procedures are as follows: liquid-liquid extraction (LLE) and solid phase extraction
(SPE) with silica gel and/or C18 cartridges [27, 28].

Techniques Characteristics Analytes References

Soxhlet It has been so far applied for organic
compound extraction from solid
matrices due to its high extraction
efficiency

PAHs, polybrominated
diphenyl ethers (PBDEs),
polychlorinated biphenyls
(PCBs), among others

[29–31]

Ultrasound
assisted
extraction
(UAE)

Ultrasound energy has also been
widely used for the leaching of organic
and inorganic compounds from solid
matrices

Pharmaceutical
Endocrine disruptor
compounds (EDCs),
perfluorochemicals (PFCs),
antibiotics,
tetrabromobisphenol-A
(TBBPA) PAHs, phthalate
esters (PEs), PCBs,
nonylphenols (NPs),
nonylphenol ethoxylates
(NPEOs) and
pharmaceuticals and
personal care products

[32–35]

Pressurized
liquid extraction
(PLE)

Pressure is applied to allow the use of
extraction solvents or mixtures at
temperatures higher than their normal
boiling point. The increase on the
extraction temperature can promote
higher analyte solubility by increasing
both solubility and mass transfer rate

Perfluorinated acids (PFAs),
perfluorosulfonates (PFSs)
and
perfluoroctanesulfonamide
PAHs

[36, 37]

Microwave-
assisted
extraction
(MAE)

Microwave-assisted extraction (MAE)
uses microwave energy to heat the
sample-solvent mixture. This
technique reduces the extraction times
and the extractant amount for the
extraction of organic compounds from
solid matrices

PAHs in airborne particles,
17-estradiol (E2), estriol
(E3), 17-ethinyl estradiol
(EE2)

[38, 39]

Supercritical
fluid extraction
(SFE)

Supercritical fluid extraction is an
alternative extraction method with the
advantages of reduced solvent
consumption and extraction time
compared with the classical extraction
techniques. Carbon dioxide is
commonly used as fluid and methanol
is added as organic modifier when
polar compounds are extracted

PAHs in marine sediment [40, 41]

Solid Phase
Microextraction
(SPME)

It is used specifically for the extraction
of low molecular weight organic
compounds, from liquid, air and solid
matrix

PAHs or polybrominated
biphenyls (PBBs)

[42]

Table 2.
Classification of the main extraction techniques, characteristics and applications.
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2.3 Chromatographic analysis

2.3.1 Gas chromatography coupling to mass spectrometer (GC-MS)

Traditionally, the analysis of PAHs in environmental samples has been carried
out by gas chromatography (GC), rather than liquid chromatography (LC), and this
is due to its greater selectivity, resolution and sensitivity. GC-MS is one of the most
powerful analytical tools available for the chemical analysis of complex mixtures.
The use of mass spectrometry enhances the capabilities of gas chromatography; the
specific information provided in the mass spectrum makes the mass spectrometer a
highly selective detector that can be used for qualitative analysis and structural
determination.

Mass spectrometry is undoubtedly one of the most widely used for the analysis
and characterization of chemical compounds due to its high sensitivity and resolu-
tion capacity. Then, when it is coupled to the chromatographic techniques, it is
particularly useful in the identification and quantification of organic substances of
interest, which are in trace concentrations in environmental samples, it is highly
valued mainly for its high sensitivity, that is, it is feasible to quantify those sub-
stances contained in a sample quantity of the order of mg.

One of the main disadvantages of mass spectrometry is the conditions used for
the generation of stable ionized species and their adequate detection. This process
can be a limitation to clearly observe the molecular ion and, therefore, perform a
detailed analysis of the chemical structure. In the literature, a significant number of
ionization methods have been reported, which depend on the physicochemical
properties of the system in question. However, ionization is not the only limitation
in mass technique; there are previous problems such as the distinction of different
structures when analyzing complex mixtures. Therefore, the use of chromatogra-
phy as a separation technique is essential for environmental samples such as those
obtained in the ambient air, while after the ionization is the analyzer that is where
the ionized species are separated and detected, they are also of great importance for
analysis.

The criteria considered the most relevant in mass spectrometry are as follows:
sensitivity, resolution, stability and selectivity; that depending on the level we need
to reach each one of these, there are several types of coupled mass spectrometry
equipment arrangements, so their choice depends mainly on the different chemical
systems and the scope of the analysis. In the case of air samples such as gases and
respirable suspended particles, the unambiguous quantification and identification
of the analyte are the main objectives; therefore, the standardization and prior
validation of the method used are essential, so it is necessary to carry out several
preliminary tests with specific equipment arrangements in order to achieve reliable
results.

The mass spectrometer is among the most sensitive chromatographic detectors,
having a detection limit below the picogram level, through the use of selected ion
monitoring (SIM) mode. PAHs are easily resolved using standard GC columns
without a requirement for derivatization. Most separations can be achieved in less
than 30 min using capillary columns such as 30 m � 0.25 mm i.d. and 0.25 μm film
thickness, 5% phenyl polysiloxane type phases. The use of a narrow bore, thin film
column allows an increase in chromatographic resolving power, coupled with a
reduction in analysis time.

GC-MS method has been used to all or some subset of the US Environmental
Protection Agency (US-EPA) 16 priority PAHs. Single quadrupole GC-MS has
offered the opportunity to increase selectivity for these analytes over that of classi-
cal detectors, such as UV and fluorescence detectors in high pressure liquid
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chromatography (HPLC) and electron capture detector (ECD) and flame ionization
detector (FID) detectors in GC. This has allowed for limited optimization of sample
preparation procedures to increase time to result [43, 44].

Quadrupole mass analyzers are widely used in many areas of environmental
analysis. Although popularly referred to as quadrupole mass spectrometers, the
mass-resolving properties of such devices are really much more similar to those of a
tunable variable hand pass mass filter. Only ions within a narrow mass region
(generally <1 amu) are allowed to pass through the device.

Quadrupole mass analyzers have several advantages such as no requirement for
very high vacuum (>10–7 Torr) and their relatively fast and simple operation for
high-throughput analysis. Disadvantages include low transmittance, a low m/z
cutoff, and low (generally unit) resolution. Electron impact (EI) is well established
and is the most common method of ionization in gas chromatography (GC) [45].
The molecules exiting the gas chromatograph are bombarded by an electron beam
(70 eV), which removes an electron from the molecule resulting in a charged ion.

EI mode produces single charged molecular ions and fragment ions, which are
used for structure elucidation.

The generated mass spectrum plots the signal intensity at a given m/z ratio
(Figure 1).

Mass spectrometric methods are particularly suited for analysis of PAHs,
because these compounds are semi-volatile and occur as complex mixtures; electron
ionization (EI) and chemical ionization (CI) with quadrupole or magnetic sector
mass spectrometers have been effectively used to determine PAHs. Although
distinguishing between the isomeric forms of PAHs using EI is difficult because the
isomers tend to produce common intermediates that give identical losses upon high-
energy ionization or collisional activation [46].

For example, when trying to distinguish between compounds with the same or
similar molecular weight, the GC-MS coupling is difficult, given its low resolution,
Figures 2 and 3 show the separation of chrysene and triphenylene andmass spectrum
respectively. The quantification of chrysene is often biased due to its coelution with
triphenylene (the compounds with m/z 228 also contain fragments of m/z 226).
Another case is the separation of the isomers of benzo(b, k, j)fluoranthene (252 m/z).

Figure 1.
Mass spectrum for methanol obtained by electronic impact [47].
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ionization methods have been reported, which depend on the physicochemical
properties of the system in question. However, ionization is not the only limitation
in mass technique; there are previous problems such as the distinction of different
structures when analyzing complex mixtures. Therefore, the use of chromatogra-
phy as a separation technique is essential for environmental samples such as those
obtained in the ambient air, while after the ionization is the analyzer that is where
the ionized species are separated and detected, they are also of great importance for
analysis.

The criteria considered the most relevant in mass spectrometry are as follows:
sensitivity, resolution, stability and selectivity; that depending on the level we need
to reach each one of these, there are several types of coupled mass spectrometry
equipment arrangements, so their choice depends mainly on the different chemical
systems and the scope of the analysis. In the case of air samples such as gases and
respirable suspended particles, the unambiguous quantification and identification
of the analyte are the main objectives; therefore, the standardization and prior
validation of the method used are essential, so it is necessary to carry out several
preliminary tests with specific equipment arrangements in order to achieve reliable
results.

The mass spectrometer is among the most sensitive chromatographic detectors,
having a detection limit below the picogram level, through the use of selected ion
monitoring (SIM) mode. PAHs are easily resolved using standard GC columns
without a requirement for derivatization. Most separations can be achieved in less
than 30 min using capillary columns such as 30 m � 0.25 mm i.d. and 0.25 μm film
thickness, 5% phenyl polysiloxane type phases. The use of a narrow bore, thin film
column allows an increase in chromatographic resolving power, coupled with a
reduction in analysis time.

GC-MS method has been used to all or some subset of the US Environmental
Protection Agency (US-EPA) 16 priority PAHs. Single quadrupole GC-MS has
offered the opportunity to increase selectivity for these analytes over that of classi-
cal detectors, such as UV and fluorescence detectors in high pressure liquid
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chromatography (HPLC) and electron capture detector (ECD) and flame ionization
detector (FID) detectors in GC. This has allowed for limited optimization of sample
preparation procedures to increase time to result [43, 44].

Quadrupole mass analyzers are widely used in many areas of environmental
analysis. Although popularly referred to as quadrupole mass spectrometers, the
mass-resolving properties of such devices are really much more similar to those of a
tunable variable hand pass mass filter. Only ions within a narrow mass region
(generally <1 amu) are allowed to pass through the device.

Quadrupole mass analyzers have several advantages such as no requirement for
very high vacuum (>10–7 Torr) and their relatively fast and simple operation for
high-throughput analysis. Disadvantages include low transmittance, a low m/z
cutoff, and low (generally unit) resolution. Electron impact (EI) is well established
and is the most common method of ionization in gas chromatography (GC) [45].
The molecules exiting the gas chromatograph are bombarded by an electron beam
(70 eV), which removes an electron from the molecule resulting in a charged ion.

EI mode produces single charged molecular ions and fragment ions, which are
used for structure elucidation.

The generated mass spectrum plots the signal intensity at a given m/z ratio
(Figure 1).

Mass spectrometric methods are particularly suited for analysis of PAHs,
because these compounds are semi-volatile and occur as complex mixtures; electron
ionization (EI) and chemical ionization (CI) with quadrupole or magnetic sector
mass spectrometers have been effectively used to determine PAHs. Although
distinguishing between the isomeric forms of PAHs using EI is difficult because the
isomers tend to produce common intermediates that give identical losses upon high-
energy ionization or collisional activation [46].

For example, when trying to distinguish between compounds with the same or
similar molecular weight, the GC-MS coupling is difficult, given its low resolution,
Figures 2 and 3 show the separation of chrysene and triphenylene andmass spectrum
respectively. The quantification of chrysene is often biased due to its coelution with
triphenylene (the compounds with m/z 228 also contain fragments of m/z 226).
Another case is the separation of the isomers of benzo(b, k, j)fluoranthene (252 m/z).

Figure 1.
Mass spectrum for methanol obtained by electronic impact [47].
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2.3.2 Gas chromatography triple quadrupole

As seen in the previous examples, the mass spectrum with a single quadrupole is
limited to distinguish among compounds that have structural isomers, since it only
considers a single identification criterion, in fact they show a similar mass to charge
fragmentation patterns (Figure 4). Recently, the coupling gas chromatography
coupled to triple quadrupole mass spectrometry (GC-QqQ) was developed. Compar-
ing triple quadrupole analyzer (QqQ) with single quadrupole analyzer, the product ion
is more specific than the ion in the simple MS spectrum because the tandem configu-
ration offers the only alternative of selecting the precursor ion of each compound by

Figure 2.
Examples for PAHs separations with similar molecular weight [47].

Figure 3.
Mass spectrum for chrysene and triphenylene [47].

Figure 4.
Triple quadrupole mass analyzer (QqQ) [49].
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the first quadrupole and filtering it into the collision cell, with the consequent elimi-
nation of the remaining fragments and consequently the decrease in noise (Figure 5).
Then that mass to charge pattern obtained by the second spectrometer, which is
derived from the collision of the parent fragment, this usually has a unique pattern
mass to charge daughter that provides invaluable structural information of the sub-
stance, which decreases the probability of false positives and facilitates the unequivo-
cal identification of the target compound. It is clear that the coupling substantially
solves the difficulties of simple couplings and can significantly improve the reliability
of the determination by offering lower noise levels and additional identification
criteria. Several reports show the utility of different arrays of mass spectrometers
coupled to gas and liquid chromatographs used for the PAHs and their derivatives
analysis. Among the most used is the triple quadrupole GC–MS/MS system, which
provides detection and quantification levels equivalent to parts per trillion.

Figure 5.
Chromatogram 14 PAHs by GC-QqQ (own authorship).

Figure 6.
Mass to charge (m/z) transitions (a) and (b).
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fragmentation patterns (Figure 4). Recently, the coupling gas chromatography
coupled to triple quadrupole mass spectrometry (GC-QqQ) was developed. Compar-
ing triple quadrupole analyzer (QqQ) with single quadrupole analyzer, the product ion
is more specific than the ion in the simple MS spectrum because the tandem configu-
ration offers the only alternative of selecting the precursor ion of each compound by

Figure 2.
Examples for PAHs separations with similar molecular weight [47].

Figure 3.
Mass spectrum for chrysene and triphenylene [47].

Figure 4.
Triple quadrupole mass analyzer (QqQ) [49].
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the first quadrupole and filtering it into the collision cell, with the consequent elimi-
nation of the remaining fragments and consequently the decrease in noise (Figure 5).
Then that mass to charge pattern obtained by the second spectrometer, which is
derived from the collision of the parent fragment, this usually has a unique pattern
mass to charge daughter that provides invaluable structural information of the sub-
stance, which decreases the probability of false positives and facilitates the unequivo-
cal identification of the target compound. It is clear that the coupling substantially
solves the difficulties of simple couplings and can significantly improve the reliability
of the determination by offering lower noise levels and additional identification
criteria. Several reports show the utility of different arrays of mass spectrometers
coupled to gas and liquid chromatographs used for the PAHs and their derivatives
analysis. Among the most used is the triple quadrupole GC–MS/MS system, which
provides detection and quantification levels equivalent to parts per trillion.

Figure 5.
Chromatogram 14 PAHs by GC-QqQ (own authorship).

Figure 6.
Mass to charge (m/z) transitions (a) and (b).
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For instance, the unequivocal identification of B(b)F and B(k)F isomers
(Figure 6) was successfully achieved by distinct transitions mass to charge obtained
with triple quadrupolar mass spectrometer arrange (Figure 7). It means QqQ may
provide more accurate quantification and confirmation in trace analysis with com-
plex matrix [48].

For these characteristics, recently the GC-QqQ has been proposed for the quan-
tification of the PAHs and its derivatives. Its characteristics have proved to be useful
for example in the determination of nitro-PAHs in PM10 particles obtained with low
sample volume (16.7 lpm). This implies a lower mass of the compound per gram of
particle collected per day, and without an exhaustive treatment and sample purifi-
cation need as those that are followed for particles obtained from high volume
samplers (1.3 m3/h). An analytical method was recently developed for the simulta-
neous determination of 14 nitro-PAHs (2-nitrofluorene, 9-nitroanthracene, 9-
nitrophenanthrene, 3-nitrophenanthrene, 2-nitroanthracene, 3-nitrofluoranthene,
1-nitropyrene, 2,7-dinitrofluorene, 7-nitrobenzo [a]anthracene, 6-nitrochrysene,
1,3-dinitropyrene, 1,8-dinitropyrene, 1,6-dinitropyrene, and 6-nitrobenzo[a]
pyrene) in PM10 by GC-QqQ in multiple reaction monitoring (MRM) mode. The
method performance evaluation showed that the technique is quite reliable, since it
provides high repeatability with relative standard deviation <10% and with detec-
tion limits between 0.25 and 10 ng/mL. This was also facilitated its application to
only half of the filter containing the sample, in this way the remaining part served
to complement the chemical characterization of the sample [50]. In the MRMmode,
as the name implies, in the first quadrupole (Q1) one or multiple precursor ions of
the analyzed substance were are filtered, which react by fragmenting in the collision
cell (Q2), until arriving at the second quadrupole (Q3), where the ions product of
the quantification and qualification are filtered. The results of this type of analysis
are highly specific and sensitive because they provide unique structural information
of the molecule that leads to its identification and unambiguous distinction between
other substances contained in the sample [50].

Gas chromatography with tandem mass spectrometry has also been successfully
applied for the determination of precursor PAHs. Although they are found in
environmental levels between one and two orders of magnitude higher than their
derivatives, they are trace concentrations substances, which are similarly affected
by the different interferences that may come in the samples and by the matrix effect

Figure 7.
Scheme of the gas chromatography bidimensional (GC � GC): peaks eluting from the first dimension column
enter the second dimension column through the modulator [60].
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in the extracts. Therefore, the organic extract must be purified before its analysis by
GC-MS [51]. However, it was shown that when samples obtained with high volume
equipment are analyzed, the extraction is sufficient, and the purification of the
extract can be dispensed with before its analysis by GC-MS/MS [52].

Another coupling proposed for the analysis of the nitro-PAHs and oxy-PAHs
derivatives is the ultrahigh pressure liquid chromatography-atmospheric pressure
chemical ionization-tandem mass spectrometer (UHPLC-(+)-APCI-MS/MS). In
addition to the stated advantage of the tandem arrangement, this alternative tech-
nique aims to contribute to reducing the thermal degradation that has been consis-
tently reported for those oxy-PAHs classified as quinones in the injection port of the
GC. Thus, facilitating their simultaneous analysis with the nitro-PAHs, and taking
advantage of the improvements in the sensitivity and selectivity in the determina-
tion in organic and aqueous extracts obtained from PM2.5 and PM10 particles. It has
also been found that chemical ionization at atmospheric pressure (APCI), and
photoionization at atmospheric pressure provides high ionization efficiency for
oxy-PAHs, while electrospray ionization efficiency is usually lower [53]. In a
pioneering study, it was shown that liquid chromatography atmospheric pressure
chemical ionization-tandem mass spectrometer (LC-APCI-MS/MS) is feasible for
the determination of oxy-PAHs and can contribute to the simplification of sample
preparation by reducing it to an extraction and evaporation step [54]. Consistently,
in a study of the simultaneous analysis of 5 nitro-PAHs—1-nitropyrene (1-NPYR),
2-nitrofluorene (2-NFLU), 3-nitrofluoranthene (3-NFLUANTH), 9-
nitroanthracene (9-NANTH), 1,5-dinitronaphthalene (1,5-DNNAPHT)—, 3 oxy-
PAHs-2-fluorenecarboxaldehyde (2-FLUCHO), and 5,12-naphthacenequinone
(5,12-NAPHTONA), it showed that the LC/MS arrangement provides a high degree
of sensitivity and selectivity for the determination of these substances. In fact, it
was demonstrated that it allowed the feasibility of its application to real samples.
However, it was only possible to reliably report environmental levels of four of
eight of these substances, at atmospheric concentrations between 0.01 and
240.62 ng/m3, equivalent to 0.3 and 30 mg/g, respectively [56] (Table 3).

2.3.3 Two-dimensional gas chromatography (GC � GC)

The widespread use of capillary columns in the 1980s improved significantly the
separation power of complex mixtures. This positioned gas chromatography as the
technique of choice whenever analyzing volatile substances. However, it soon
became clear that in some fields, the separation capacity offered by a single chro-
matographic column was not sufficient. For example, in the case of the oil industry,
environmental applications or aroma analysis, whose separations are highly

Location Compounds Equipment Ionization
mode

References

Industrial area of
Taranto, Italy

Nitro-PAHs in airborne, PM10 GC/MS triple
quadrupole

EI+ [48]

Seoul, Korea PAHs in PM2.5 airborne particles GC-GC-TOFMS ESI+, APPI+ [55]

Buenos Aires,
Argentina

Oxy-PAHs and nitro-PAHs
airborne, PM2.5 and PM10

UHPL-MS/MS
triple quadrupole

APCI+ [53]

Zaragoza, Spain PAH associated to the airborne
particulate matter, PM10

GC/MS triple
quadrupole

EI+ [51]

Table 3.
Application of the GC/MS coupling for the analysis of PAH and its derivatives.

63

Recent Advances for Polycyclic Aromatic Analysis in Airborne Particulate Matter
DOI: http://dx.doi.org/10.5772/intechopen.79714



For instance, the unequivocal identification of B(b)F and B(k)F isomers
(Figure 6) was successfully achieved by distinct transitions mass to charge obtained
with triple quadrupolar mass spectrometer arrange (Figure 7). It means QqQ may
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cation need as those that are followed for particles obtained from high volume
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1,3-dinitropyrene, 1,8-dinitropyrene, 1,6-dinitropyrene, and 6-nitrobenzo[a]
pyrene) in PM10 by GC-QqQ in multiple reaction monitoring (MRM) mode. The
method performance evaluation showed that the technique is quite reliable, since it
provides high repeatability with relative standard deviation <10% and with detec-
tion limits between 0.25 and 10 ng/mL. This was also facilitated its application to
only half of the filter containing the sample, in this way the remaining part served
to complement the chemical characterization of the sample [50]. In the MRMmode,
as the name implies, in the first quadrupole (Q1) one or multiple precursor ions of
the analyzed substance were are filtered, which react by fragmenting in the collision
cell (Q2), until arriving at the second quadrupole (Q3), where the ions product of
the quantification and qualification are filtered. The results of this type of analysis
are highly specific and sensitive because they provide unique structural information
of the molecule that leads to its identification and unambiguous distinction between
other substances contained in the sample [50].

Gas chromatography with tandem mass spectrometry has also been successfully
applied for the determination of precursor PAHs. Although they are found in
environmental levels between one and two orders of magnitude higher than their
derivatives, they are trace concentrations substances, which are similarly affected
by the different interferences that may come in the samples and by the matrix effect
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Scheme of the gas chromatography bidimensional (GC � GC): peaks eluting from the first dimension column
enter the second dimension column through the modulator [60].
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in the extracts. Therefore, the organic extract must be purified before its analysis by
GC-MS [51]. However, it was shown that when samples obtained with high volume
equipment are analyzed, the extraction is sufficient, and the purification of the
extract can be dispensed with before its analysis by GC-MS/MS [52].

Another coupling proposed for the analysis of the nitro-PAHs and oxy-PAHs
derivatives is the ultrahigh pressure liquid chromatography-atmospheric pressure
chemical ionization-tandem mass spectrometer (UHPLC-(+)-APCI-MS/MS). In
addition to the stated advantage of the tandem arrangement, this alternative tech-
nique aims to contribute to reducing the thermal degradation that has been consis-
tently reported for those oxy-PAHs classified as quinones in the injection port of the
GC. Thus, facilitating their simultaneous analysis with the nitro-PAHs, and taking
advantage of the improvements in the sensitivity and selectivity in the determina-
tion in organic and aqueous extracts obtained from PM2.5 and PM10 particles. It has
also been found that chemical ionization at atmospheric pressure (APCI), and
photoionization at atmospheric pressure provides high ionization efficiency for
oxy-PAHs, while electrospray ionization efficiency is usually lower [53]. In a
pioneering study, it was shown that liquid chromatography atmospheric pressure
chemical ionization-tandem mass spectrometer (LC-APCI-MS/MS) is feasible for
the determination of oxy-PAHs and can contribute to the simplification of sample
preparation by reducing it to an extraction and evaporation step [54]. Consistently,
in a study of the simultaneous analysis of 5 nitro-PAHs—1-nitropyrene (1-NPYR),
2-nitrofluorene (2-NFLU), 3-nitrofluoranthene (3-NFLUANTH), 9-
nitroanthracene (9-NANTH), 1,5-dinitronaphthalene (1,5-DNNAPHT)—, 3 oxy-
PAHs-2-fluorenecarboxaldehyde (2-FLUCHO), and 5,12-naphthacenequinone
(5,12-NAPHTONA), it showed that the LC/MS arrangement provides a high degree
of sensitivity and selectivity for the determination of these substances. In fact, it
was demonstrated that it allowed the feasibility of its application to real samples.
However, it was only possible to reliably report environmental levels of four of
eight of these substances, at atmospheric concentrations between 0.01 and
240.62 ng/m3, equivalent to 0.3 and 30 mg/g, respectively [56] (Table 3).

2.3.3 Two-dimensional gas chromatography (GC � GC)

The widespread use of capillary columns in the 1980s improved significantly the
separation power of complex mixtures. This positioned gas chromatography as the
technique of choice whenever analyzing volatile substances. However, it soon
became clear that in some fields, the separation capacity offered by a single chro-
matographic column was not sufficient. For example, in the case of the oil industry,
environmental applications or aroma analysis, whose separations are highly

Location Compounds Equipment Ionization
mode
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Taranto, Italy

Nitro-PAHs in airborne, PM10 GC/MS triple
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EI+ [48]

Seoul, Korea PAHs in PM2.5 airborne particles GC-GC-TOFMS ESI+, APPI+ [55]

Buenos Aires,
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Oxy-PAHs and nitro-PAHs
airborne, PM2.5 and PM10
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triple quadrupole

APCI+ [53]

Zaragoza, Spain PAH associated to the airborne
particulate matter, PM10
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complex, often result in a chromatogram with a large portion of unresolved com-
ponents [57]. Mass spectrometry can be used to resolve some of the complexity, but
large concentration differences and structural isomers can complicate the spectral
interpretation and data analysis. Some chromatographic resolution can be improved
with an efficient, long, narrow bore, thin-film capillary column, but increased
analysis time and decreased sample loading. This situation has been improved with
the implementation of multidimensional gas chromatography (GC � GC).
Multidimensional gas chromatography increases resolution by using two separate
columns with two different stationary phases. One form of GC � GC is heart-
cutting. After a preliminary evaluation of the sample, a portion of the unresolved
GC effluent is reoriented to a different column before detection. Heart-cutting is a
simple way to obtain a better separation of a complex mixture but just a portion of
the one-dimensional separation can be improved with the second-dimension col-
umn. A high-frequency modulator is utilized by the comprehensive two-
dimensional gas chromatography (GC � GC) for diverting the whole one-
dimensional effluent onto a second-dimension column [58, 59] (Figure 7).

For instance, phenanthrene and anthracene are two important PAHs that can be
used in order to assess whether material is petrogenic or pyrogenic in origin.
Selecting mass 178 which is the molecular mass of the PAHs in question using the
software allows isolated assessment (Figure 8).

As seen in the GC � GC, saving time in sample preparation, instrumental
analysis, has the ability to analyze an extensive range of complex samples with the
simultaneous target and nontarget detection, which makes it a powerful technique
for the elucidation of complex matrices; however, it is expensive.

3. Conclusions

PAHs are one of the families of organic compounds associated with the airborne
particles that have generated the most concern. Currently, there is evidence of the
multiple impacts that these compounds have on human health and the environ-
ment. The exposure time to which humans are exposed, the concentration levels of
PAHs in the air, as well as the phase in which they occur; that is to say gas or
particle, and the size of the particles with which they are associated. All these
parameters must be measured and determined by the appropriate methods of
sampling, extraction, and analysis. In the last 20 years, analytical methodologies and
equipment development have experienced significant advances; all this has allowed
the advance of more selective and less destructive extraction procedures; in the

Figure 8.
Example of the application of the GC � GC for the separation and identification of structural isomers [61].
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same way, the purification methods of complex samples have been improved, but
perhaps where greater progress has been made, has been in the instrumental anal-
ysis by coupling online extraction procedures, use of different detectors and the
implementation of specialized software.

The main feature in the evolution of sampling systems has been the reduction of
artifacts, through the use of adequate adsorption materials, as well as the mecha-
nisms of PAHs uptake for both the gaseous and particulate phases. Regarding the
extraction process, the greatest progress has been made in the reduction in the
amount of solvents, compared with the traditional system (Soxleth). To reduce the
multiple interferences of the extracts obtained from the airborne particles and to
increase the sensitivity in the detection of the PAHs, several purification schemes
have been implemented based mainly on the use of solid phase extraction car-
tridges. Finally, the chromatographic techniques are those that have experienced
the greatest advances, starting with the GC–MS coupling. However, this configura-
tion does not allow to distinguish between compounds that have structural isomers.
What caused the coupling of several quadrupoles (QqQ) in the same equipment,
thus increasing the resolution. Finally, the inclusion of two-dimensional chroma-
tography GC � GC has allowed the simultaneous identification of compounds of
different polarities, placing it as a powerful technique in the characterization of
complex samples such as environmental samples.

There is no doubt the advance in the technology used for the analysis of PAHs in
airborne particle matter in recent years. However, these new technologies require a
high initial investment, in addition to highly qualified personnel, for this reason,
before making the decision to acquire any of these new technologies, many aspects
must be analyzed, for example if the equipment is going to be used for routine
analysis, if the analytes to be studied can be extracted and detected with a simpler
system, etc.
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interpretation and data analysis. Some chromatographic resolution can be improved
with an efficient, long, narrow bore, thin-film capillary column, but increased
analysis time and decreased sample loading. This situation has been improved with
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Multidimensional gas chromatography increases resolution by using two separate
columns with two different stationary phases. One form of GC � GC is heart-
cutting. After a preliminary evaluation of the sample, a portion of the unresolved
GC effluent is reoriented to a different column before detection. Heart-cutting is a
simple way to obtain a better separation of a complex mixture but just a portion of
the one-dimensional separation can be improved with the second-dimension col-
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same way, the purification methods of complex samples have been improved, but
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ysis by coupling online extraction procedures, use of different detectors and the
implementation of specialized software.

The main feature in the evolution of sampling systems has been the reduction of
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nisms of PAHs uptake for both the gaseous and particulate phases. Regarding the
extraction process, the greatest progress has been made in the reduction in the
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Chapter 5

Petroleum Hydrocarbon and 
Living Organisms
Abdullah M. Alzahrani and Peramaiyan Rajendran

Abstract

Living matters are inadvertently exposed to the highly toxic petroleum hydro-
carbon (PH) byproducts. Despite the fact that petroleum-related industry is glob-
ally thriving, the health hazard of most hydrocarbons is not well characterized. In 
human, organs and, sometimes, whole systems such as the nervous system, respira-
tory, circulatory, immune, reproductive, and endocrine systems are susceptible to 
PHs depending on the level of exposure. Marine organisms are known to be affected 
by PHs in various stages. Impacts from lethal to sub-lethal dose of PHs range from 
habitat destruction, mass mortality, and impaired physiological functions such as 
reduced feeding, slow growth and development, respiration problems, loss of loco-
motion, balance, and swimming ability. Bioaccumulation of toxic PHs in food chains 
in marine environment can be retained for decades and affect plants, animals, and 
eventually human. This chapter summarizes the PHs toxic effects on living organ-
isms and the potential mechanisms of action based on epidemiological studies.

Keywords: hydrocarbon, petroleum, environment, toxicity, human, aquatic animals, 
aquatic plants

1. Introduction

Petroleum hydrocarbon (PH) is a term used to portray a wide group of a few 
hundred substance exacerbates that initially originate from raw crude oil. In this 
sense, PH is extremely a mixture of chemicals. They are called hydrocarbons in light 
of the fact that practically every one of them is made totally from hydrogen and 
carbon. Crude oils can move in the measure of each compound they contain the oil 
based products that are delivered utilizing crude oils. PHs are clear or light-hued 
fluids that vanish effectively and others are thick, dull fluids, or semi-solids that do 
not dissipate. Huge numbers of these items have trademark gasoline, kerosene, or 
oily scents. Since present day society utilizes such a significant number of oil-based 
items such as, gasoline, kerosene, fuel oil, mineral oil, and asphalt, pollution of 
nature by them is conceivably across the board. Pollution brought about by petro-
leum-based goods will contain an assortment of these hydrocarbons [1, 2].

Petroleum hydrocarbons spills are among the most broad and naturally harm-
ing contamination that are potentially dangerous to human and ecosystem health. 
Chronic exposure results from constant presentation to little proportions of oil over 
broad stretches of time [3, 4] and typically occurs in closeness to trademark spills, 
yet anthropogenic sources are also typical point sources, such as spilling pipelines, 
age discharges, or overflow from land-based sources can result in a solid inclina-
tion of high to low oil focus. Non-point sources, for example, atmospheric fallout 
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and earthly spillover, additionally result in chronic exposure, yet may not contain 
an unmistakable inclination of focus. Hydrocarbons, as saturates, olefins, and 
aromatics, make up 97% of most petroleum [3]. Of these compounds, aromatics are 
among the most stable and may persist in the environment for long periods of time. 
Ceaseless exposures can result in subcellular impacts including altered metabolism, 
cell structure and function, or enhancement of chromosome mutation; this cascade 
of biological consequences associated with chronic pollution from frequent smaller 
spills are frequently viewed as a bigger risk than that related with acute exposure 
from tanker mishaps. Oil contamination in the ocean, regardless of whether from 
anthropogenic or common sources, endless or intense, is a noteworthy natural con-
cern [2]. This chapter outlines the outdoor, occupational, and natural sources of PH 
exposure and considers the evidence relating to harmfully effect in living things.

2. Crude oil and its toxicity

2.1 Crude oil

Petroleum (crude oil) principally consist of carbon (83–87%) and hydrogen 
(12–14%) having complex hydrocarbon blend like paraffins, naphthenes, fragrant 
hydrocarbons, vaporous hydrocarbons (from CH4 to C4H10). Other than these, crude 
oil likewise contains little measure of non-hydrocarbons (sulfur mixes, nitrogen 
mixes, and oxygen mixes) and minerals, heavier crudes contain higher sulfur [3]. 
Contingent upon power of hydrocarbons, petroleum is delegated paraffin base, 
middle of the road base or naphthenic base (Table 1). The unfavorable impacts of 
petroleum contamination on such necessary part of oceanic biological systems might 
be of extraordinary noteworthiness. Since the lethality of oil to biota is brought about 
by unsaturated hydrocarbons, naphthenic acids and another compound containing 
fragrant gatherings and nitrogen, the genuine harmful impacts portion is firmly 
identified with the measure of broke down non-unstable material [5]. The crude oil 
spills influence human well-being through their exposure to the intrinsic risky syn-
thetics, for example, paraphenols and unpredictable benzene. The anticipated courses 
of introduction to synthetic compounds from the oil spill are inward breath, dermal 
contact, sustenance and water ingestion, and contact with the shoreline sand. This 
chronic exposure leads to affects physiological function such as hematologic, hepatic, 
respiratory, renal, and neurological functions.

2.2 Petroleum hydrocarbon

Oil energizes and oils are capricious mixes of hydrocarbons that move, among 
the fuel types, yet moreover inside each fuel type dependent upon maker, geo-
graphic zone, and customary use. The manifestations of these things are included 
a hardly any hundred hydrocarbon blends. Of these blends, toxicological informa-
tion is available on only a not a lot of. This makes choosing the prosperity danger 
exposed by oil hydrocarbons troublesome.

Customarily, petroleum fuel or oil defiled destinations have been portrayed by 
two measures: explicit marker mixes called the synthetic compounds of concern 
(COCs) and by the aggregate of all the petroleum hydrocarbons called absolute 
petroleum hydrocarbons. The Petroleum Hydrocarbons Criteria Work Group 
(PHCWG) and the conditions of Washington and Massachusetts have created 
approaches that empower the improvement of human well-being hazard-based 
conclusion levels for PH. IDEM essentially concurs with these methodologies 
and has created comparable techniques. The PH conclusion levels depend on the 
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non-malignancy end purposes of exposure. IDEM addresses the cancer-causing 
exposure by investigating certain cancer-causing COCs (benzene and certain 
cancer-causing polycyclic sweet-smelling hydrocarbons, cPAHs). Also, IDEM still 
requires source zone estimation of certain non-cancer-causing COCs (n-hexane, 
naphthalene, toluene, ethylbenzene, and xylene, in addition to non-cancer-causing 
polyaromatic hydrocarbons (PAHs) for waste oil). This new methodology separates 
the piece of explicit petroleum items into substance gatherings called portions, in 
view of carbon chain length and comparable physical/compound properties. Since 
the arrangement of each division is variable, and toxicological data is not acces-
sible for each compound in each portion, the physical/concoction and toxicological 
properties of at least one surrogate mixes are chosen to represent each fraction [6].

2.3 Petroleum hydrocarbon effect on environment

Despite the fact that social and financial improvement generally relies upon 
petroleum hydrocarbon as it is an overwhelming wellspring of vitality, it has caused 
an enormous zone of defilement and significant unfriendly impacts. The defilement 
of petroleum hydrocarbon scatters from soil, water to human well-being. Petroleum 
hydrocarbon tainting of soil is a far reaching worldwide natural concern. Oil and fuel 
spills in soil are among the most broad and ecologically harming contamination issues 
as it is a threatening to human well-being and biological systems, particularly in cold 

Hydrocarbons

Hydrogen 
family

Distinguishing 
characteristics

Major hydrocarbons Explanations

Paraffins 
(Alkanes)

Straight carbon 
chain

Methane, ethane, 
propane, butane, 
pentane, hexane

General formula CnH2n+2, boiling 
point increases as the number 
of carbon atom increases. With 
number of carbon 25–40, paraffin 
becomes waxy

Isoparaffins 
(Iso alkanes)

Branched carbon 
chain

Isobutane, isopentane, 
neopentane, isooctane

The number of possible isomers 
increases in geometric progression 
as the number of carbon atoms 
increases

Olefins 
(Alkenes)

One pair of 
carbon atoms

Ethylene, propylene General formula CnH2n. Olefins 
are not present in crude oil, but are 
formed during process. Undesirable 
in the finished product because of 
their high reactivity. Low molecular 
weight olefins have good antiknock 
properties

Naphthenes 5 or 6 carbon 
atoms in ring

Cyclopentane, 
methyl cyclopentane, 
dimethyl cyclopentane, 
cyclohexane, 1,2 
dimethyl cyclohexane

General formula CnH2n+2-2RN. 
RN is number of naphthenic ring 
The average crude oil contains 
about 50% by weight naphthenes. 
Naphthenes are modestly good 
components of gasoline

Aromatics 6 carbon atom in 
ring with three a 
round linkage

Benzene, toluene, 
xylene, ethyl benzene, 
cumene, naphthaline

Aromatics are not desirable in 
kerosene and lubricating oil. 
Benzene is carcinogenic and hence 
undesirable part of gasoline

Table 1. 
Composition of petroleum.
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Toxic effects Plant species

Root development is reduced Red beans (Phaseolus nipponesis) and corn (Zea 
mays)

A significant reduction in heights of seedlings, leaf 
length, and number of leaves

Soybean (Glycine max)

Significant reductions in plant height, leaf area and 
stem diameter was observed

Maize (Zea mays L.)

Hindered germination, reduced heights, and girths 
were observed

Abelmoschus esculentus

The plant growth was reduced significantly in low levels Horsetail tree (Casuarina equisetifolia)

Crude oil pollution has an adverse effect on growth, 
yield, and leaf chlorophyll content

Air Potato (Dioscorea bulbifera L.)

Reduction in the length of the radicle for the four crop 
plants

Arachis hypogaea, Vigna unguiculata, Sorghum 
bicolor, and Zea mays

Table 3. 
PH toxicity in plants.

area. Biochemical and physicochemical properties of soil is disintegrated by refinery 
items and it likewise restricts the development and improvement of plants. Water and 
oxygen shortfalls, just as to deficiency of accessible types of nitrogen and phosphorus, 
are the fundamental changes of soil properties because of tainting with petroleum-
inferred substances [7]. Petroleum hydrocarbon sullied soil causing natural contami-
nation of underground water which confines its use and causes financial misfortune, 
ecological issues, and diminishes the rural efficiency of the soil. Microorganisms, 
plants, creatures, and people are confronting helpless circumstance on account of the 
lethality of petroleum hydrocarbons. Soil compounds are one of the essential biotic 
segments which are in charge of soil biochemical responses. Petroleum hydrocarbon 
has unfriendly impacts of on soil enzymes activities (Table 2).

Oil spills influence plants by making conditions which make fundamental 
supplements like nitrogen and oxygen required for the plant development inaccessi-
ble to them [8]. Crude oil sullying at various dimensions caused critical decrease in 
the development of the plant utilizing plant tallness, crisp weight and leaf territory 
and the impact is relative to the dimensions of pollution [9]. Crude oil contamina-
tion has likewise unfriendly consequences for soil fruitfulness and plant generation. 
It could decrease or stop plant development prompting demise because of shaping 

Product Residential soils Industrial soils

Direct 
contact 

(mg/kg)

Migration to 
ground water  

(mg/kg)

Direct 
contact 

(mg/kg)

Migration to 
ground water  

(mg/kg)

Gasoline range 
organics

3100 120 4300 1500

Diesel range organics 3100 230 5800 2300

High end 
hydrocarbon oils

3100 230 5800 2300

For more information, see the December 7, 2009, House Enrolled Act 1162 Interim Implementation Document at 
http://www.in.gov/idem/4202.htm.

Table 2. 
PH closure levels.
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a physical obstruction and covering the roots [10]. Table 3 indicates antagonistic 
impacts of crude oil sullied soil in various plant species [7].

Petroleum hydrocarbon discharged in to the ocean, regularly amid transportation, 
prompting the contamination of a few destinations, and can in the long run achieve the 
coasts. Oil spills extending from low level releases to calamitous mishaps undermined 
beach front conditions; expansive spills generally are trailed by tidy up endeavors, 
yet total regulation is uncommon [7]. As dissolvability of petroleum hydrocarbon in 
water is commonly low, certain divisions of it drift in water and structure slim surface 
movies, which will encourage agglomeration of particles and regular natural issue, and 
effect on oxygen exchange. Other heavier portions will gather with the residue at the 
base of the water, which may influence base sustaining fish and living beings [7].

3. Petroleum hydrocarbon effect on living organism

3.1 Petroleum hydrocarbon on terrestrial animal

Animals are exposed to petroleum in many ways directly or indirectly. Some 
byproducts are formed during petroleum refining and processing which are used 
for the manufacturing of other products that are highly toxic. Constantly, these 
toxic compounds are inadvertently released into the environment and if this 
effect is connected to the effect of accidental crude oil spills worldwide, then these 
combined sources of unrestricted hydrocarbons constitute the major cause of envi-
ronmental pollution. Despite the large number of hydrocarbons found in petroleum 
products, only a relatively small number of the compounds are well characterized 
for toxicity. Petroleum hydrocarbon molecules which have a wide distribution of 
molecular weights and boiling points cause diverse levels of toxicity to the environ-
ment (Figure 1).

3.1.1 Uptake and metabolism

All together for oil metabolites have a direct organic impact on earthbound ver-
tebrates, they should enter the individual, normally by means of ingestion, inward 
breath, or retention [11]. For most life forms, the essential course of PAH exposure 
in oil-influenced living spaces is through the ingestion of tainted soils, residue, and 
diet things. Thusly, species that feed vigorously on sediment-related invertebrates 
will generally be at more serious danger of PAH exposure in respect to higher order 

Figure 1. 
PH effect on humans.
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consumers [12]. Be that as it may, PAHs only occasionally display sustenance web 
bioaccumulation and biomagnification; in this way, their potential for exchange 
up the natural pecking order is constrained. This is essentially connected with 
the expanded limit of vertebrates, including winged animals and warm-blooded 
creatures, to utilize and thusly dispense with PAH deposits.

PAHs can be perceived not long after presentation over a wide extent of ver-
tebrate living creatures and tissues. For instance, field considers have recognized 
PAHs in the blood of feathered creatures and in turtle eggs and lab work has distin-
guished PAHs in snake skins [13]. Following their take-up, PAHs are processed by 
hepatic cytochrome P450 (CYP) oxygenase or blended capacity oxygenase proteins. 
Digestion can likewise happen in vivo. Because of this biotransformation, direct 
estimation of oil portions, for instance, hard and fast PAH in tissues isn’t commonly 
a definite impression of exposure. Or maybe, the different isoforms of CYP (e.g., 
CYP1A) or CYP-related chemicals (e.g., ethoxyresorufin-O-deethylase [EROD]) 
that are upregulated within the sight of PAH are frequently utilized as roundabout 
biomarkers of crude oil or PAH exposure. For instance, hostage rodents presented 
to crude oil demonstrated a portion subordinate increment in a few hepatic CYP-
connected chemicals. Field investigations of ocean ducks conceivably exposed to 
crude oil from the Exxon Valdez spill showed raised dimensions of these biomarkers 
in oiled regions even decades later (Figure 2) [14].

3.1.2 Toxicity in terrestrial vertebrates

Albeit molecular biomarkers, for example, CYP1A can be demonstrative 
of relative PAH exposure, only they may not suggest hurt or natural centrality. 
Unfriendly well-being impacts related with PAH exposure frequently result from 
the development of PAH metabolites, which have been exhibited to be genotoxic. 
In particular, these metabolites can tie to and harm DNA, framing DNA adducts 
(i.e., the official of DNA to a synthetic contaminant). For instance, hostage rodents 
presented to normally defiled soils with a wide scope of PAHs were found to have a 
subset of these PAHs in the liver and huge upregulation of EROD, and acceptance 

Figure 2. 
Oil exposure in the environment. (a) Ear-tagged marsh rice rat, (b) tortoise, (c) seaside sparrow, (d) human, 
(e) oiled marsh (photographs: Philip C Stouffer). Adapted from [14].
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of DNA adducts came about. On the off chance that the DNA adduct is not fixed, 
generally typical cells can malfunction, prompting mutations and cancer. Other 
perceived lethal impacts of PAH on vertebrates incorporate conceptive broken-
ness, immunosuppression, and edema. Be that as it may, a large portion of what is 
thought about PAH digestion originates from hostage ponders, in which dosing may 
not reflect characteristic dimensions. There are moderately few field investigations 
of harmfulness that connect physiological results with vertebrate exposure to PAHs. 
This is especially valid for earthbound species and the vast majority of this work 
has been led on feathered creatures. For example, an investigation of yellow-legged 
gulls (Larus michahellis) following the Prestige oil spill close Spain discovered blood 
parameters characteristic of hepatic and renal harm in grown-ups from oiled settle-
ments, some of which associated with absolute PAH present in blood. Comparative 
work was led on marine species following the Exxon Valdez oil spill. Such impacts 
might be normal in earthly creatures of land and water, reptiles, and warm-blooded 
animals however remain inadequately considered [14–16].

3.2 Petroleum hydrocarbon on human

Synthetic concoctions and dispersants in crude oil can cause a wide scope of well-
being impacts in individuals and natural life, contingent upon the dimension of presen-
tation and helplessness. The Polyaromatic hydrocarbons are known parts of petroleum 
and petroleum-determined items. The PAHs are vital ecological toxins due to their 
cancer-causing nature. This mixes are routinely decided in modern waste water, drink-
ing water, and groundwater. Guidelines on these lethal synthetic concoctions are as of 
now essentially in North America and Europe. The PAHs to a class of mixes with a high 
dangerous potential and thusly have a place with the gathering need contaminations. 
This dangerous synthetic substances can harm any organ system in the human body like 
the sensory system, respiratory system, circulatory system, immune system, regenera-
tive system, tactile system, endocrine system, liver, kidney, and so on and subsequently 
can cause a wide scope of ailments and disarranges (Figure 3) [17, 18].

3.2.1 Petroleum hydrocarbon on nervous system

Long-term exposure to low levels of petroleum hydrocarbons may impair behav-
iour and memory. This claim has led to an appraisal of the effect of these products 
on the nervous system.

3.2.1.1 PH on depression

A single exposure to a moderately high concentration of virtually any hydrocarbon 
solvent vapour will cause a general depression of CNS which, at high doses, will lead to 
unconsciousness. This property has been recognised for many years and some hydro-
carbons (e.g. ethane) have been used as anaesthetics. Controlled short-term exposure 
of healthy subjects (up to 1-2 weeks), by repeated inhalation, to xylene, toluene, white 
spirit and jet fuel has shown that at levels of exposure above 250, 150, 300 and 200 
ppm respectively an impairment of concentration, and of coordination occurs. These 
effects are readily and completely reversible on cessation of exposure [19].

3.2.1.2 PH on peripheral nervous damage

PH to delivering CNS melancholy n-hexane and methyl n-butyl ketone cause 
harm to the fringe nerves, especially of the feet and hands and this outcomes in 
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(e) oiled marsh (photographs: Philip C Stouffer). Adapted from [14].
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of DNA adducts came about. On the off chance that the DNA adduct is not fixed, 
generally typical cells can malfunction, prompting mutations and cancer. Other 
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carbons (e.g. ethane) have been used as anaesthetics. Controlled short-term exposure 
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unsettling influences of sensation and muscle shortcoming. In the event that the 
harm is serious, loss of motion may result; this loss of motion is infrequently lasting 
yet recuperation is moderate. Nerve harm of this sort has been found to happen 
in laborers with a background marked by genuinely overwhelming and delayed 
presentation to the dissolvable vapor and fluid. A common precedent is that of the 
shoemakers who worked for extended periods in restricted spaces and utilized a 
paste broke up in n-hexane. This kind of nerve harm has been appeared because of 
the arrangement of hexane 2,s-dione from the digestion of n-hexane and methyl 
n-butyl ketone and does not have all the earmarks of being brought about by 
different hydrocarbons or ketones; there is, in any case, proof that substances with 
structures identified with hexane or methyl n-butyl ketone can potentiate the nerve 
harm brought about by these two hydrocarbons [20].

3.2.1.3 PH on central nervous system

Over the most recent 10 years or something like that, various distributions have 
showed up, especially from Scandinavia which recommend that laborers utilized 
in occupations including presentation to natural solvents endure a disintegration in 
their enthusiastic parity, memory, knowledge, and forces of focus. They likewise 
portray a higher than normal occurrence of cerebral pains, wooziness, and other 
abstract grievances. Those examined were mainly painters and lacquerers. The con-
dition has been given different names such as, painters’ disorder, natural solvents 
illness, psycho-natural disorder, ceaseless Danish disorder, and incessant natural 
dissolvable inebriation. Specific examinations have given no proof of nerve or 
cerebrum harm in laborers influenced by this disorder. A basic assessment of these 
productions uncovered that the solvents primarily included are toluene, white soul, 
and fly fuel; xylene and styrene do not seem to have been involved. Toluene and 

Figure 3. 
Ways petroleum hydrocarbons (PHs) from oil enter aquatic animals.
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white soul are imperative parts of numerous paints; what is more toluene is utilized 
widely as a deluding and cleaning specialist [21].

Examination utilizing a battery of mental tests in specialists who had been 
uncovered for quite a while to toluene vapor at air dimensions of around 100 mg L−1 
neglected to build up any distinctions from controls. At high focuses, for example, 
it may happen in paste sniffing, toluene has been accounted to harm the cerebel-
lum (a piece of the mind that controls balance). No investigations are, at present, 
accessible on the impacts of long haul introduction to white spirits, however two 
such examinations are accessible on stream fuel. Mental and mental tests uncovered 
no significant distinction between gatherings of laborers who had been presented to 
fly fuel for quite a long while and a coordinated control aggregate that had not been 
uncovered. Since painters and lacquerers are presented to an assortment of solvents, 
it is difficult to determine which of the solvents (or of the numerous blends acces-
sible) is embroiled in the painters’ syndrome.

All the more significantly, regardless of whether or to what degree introduc-
tion to solvents adds to the reason for this ailment is dubious. In most of the papers 
explored, lack of consideration has been given to the likelihood that different 
components could prompt the advancement of the discoveries in those uncovered. 
The most imperative of these variables are liquor addiction, utilization of psychoac-
tive medications, introduction to lead or mercury, and propelling age. Lead and 
mercury are particularly relevant in this respect since they have, until recently, been 
important components of many paints; hence most of the painters who had been in 
this occupation for ten or more years must have had substantial exposure to these 
chemicals [22].

3.2.2 Petroleum hydrocarbon on respiratory system

Most of lung cancer patients examined had non-small cell lung cancer. A few 
investigations showed that a blend of volatile organic compounds (VOC) (benzene, 
xylene, toluene, and styrene), distinguished by GC-MS, could separate lung cancer 
patients from controls. By and large, the quantity of VOCs per demonstrate went 
from 7 to 33, with an affectability of 50–100% and a particularity of 80–100%. 
These examinations, together with studies exploring single VOCs, uncovered that 
the discriminative VOCs were prevalently alkanes (e.g., pentane, butane, and 
propane), alkane derivatives (e.g., propanol and various aldehydes), and benzene 
derivatives (e.g., ethyl-, propylbenzene). Albeit most VOCs levels were raised, 
certain dimensions (e.g., isoprene) were diminished in patients compared with 
controls. The indicative capability of VOCs profiles in lung cancer was additionally 
shown by gatherings the utilized eNose and other refined strategies. Additionally, 
breath profiles were diverse in patients with divergent histology (adenocarcinoma 
versus squamous cell carcinoma). Moreover, Peng et al. have shown unmistakable 
VOCs profiles in patients with lung, colon, bosom, and prostate cancer. The vital 
discoveries of VOC marks of various cancer types should be affirmed in more 
extensive clinical examinations. Multiple studies investigated the potential of VOCs 
to discriminate between lung cancer and other pulmonary diseases [23]. No single 
compounds (such as ethane), but a combination of multiple VOCs were able to 
distinguish lung cancer patients from patients with non-cancer pulmonary diseases 
(such as COPD, pleurisy, and idiopathic fibrosis) with a reasonable accuracy. 
Malignant pleural mesothelioma (MPM) is an uncommon tumor for the most part 
brought about by asbestos presentation. VOCs profiles had the capacity to analyze 
MPM in a group of subjects with long haul proficient asbestos presentation. In addi-
tion, Altomare et al. refined cyclohexane as conceivable marker of MPM [24].
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tion to solvents adds to the reason for this ailment is dubious. In most of the papers 
explored, lack of consideration has been given to the likelihood that different 
components could prompt the advancement of the discoveries in those uncovered. 
The most imperative of these variables are liquor addiction, utilization of psychoac-
tive medications, introduction to lead or mercury, and propelling age. Lead and 
mercury are particularly relevant in this respect since they have, until recently, been 
important components of many paints; hence most of the painters who had been in 
this occupation for ten or more years must have had substantial exposure to these 
chemicals [22].

3.2.2 Petroleum hydrocarbon on respiratory system

Most of lung cancer patients examined had non-small cell lung cancer. A few 
investigations showed that a blend of volatile organic compounds (VOC) (benzene, 
xylene, toluene, and styrene), distinguished by GC-MS, could separate lung cancer 
patients from controls. By and large, the quantity of VOCs per demonstrate went 
from 7 to 33, with an affectability of 50–100% and a particularity of 80–100%. 
These examinations, together with studies exploring single VOCs, uncovered that 
the discriminative VOCs were prevalently alkanes (e.g., pentane, butane, and 
propane), alkane derivatives (e.g., propanol and various aldehydes), and benzene 
derivatives (e.g., ethyl-, propylbenzene). Albeit most VOCs levels were raised, 
certain dimensions (e.g., isoprene) were diminished in patients compared with 
controls. The indicative capability of VOCs profiles in lung cancer was additionally 
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compounds (such as ethane), but a combination of multiple VOCs were able to 
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(such as COPD, pleurisy, and idiopathic fibrosis) with a reasonable accuracy. 
Malignant pleural mesothelioma (MPM) is an uncommon tumor for the most part 
brought about by asbestos presentation. VOCs profiles had the capacity to analyze 
MPM in a group of subjects with long haul proficient asbestos presentation. In addi-
tion, Altomare et al. refined cyclohexane as conceivable marker of MPM [24].
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3.2.2.1 Volatile organic compounds in other pulmonary diseases

Kanoh et al. exhibited that breathed out ethane was raised in patients with an 
interstitial lung malady (including sarcoidosis and idiopathic pulmonary fibrosis) 
compared with controls, with largest amounts in those with a functioning and 
dynamic infection. A small VOC, 2-pentylfuran, was ordinarily present in the 
breath of patients with a ceaseless pneumonic illness (including asthma and CF) 
with Aspergillus fumigatus in their respiratory examples, though this VOC was not 
recognized in the breath of controls [25]. Syhre et al. exhibited raised dimensions 
of breathed out methyl nicotinate in patients with pulmonary tuberculosis (TB) 
compared with solid controls. In a group of patients with doubt of TB, VOC designs 
had the capacity to recognize patients with TB from those without dynamic TB and 
healthy controls with a reasonable accuracy [26].

3.2.3 Petroleum hydrocarbon on reproductive system

Diesel fumes particulates (DEPs) have additionally been accounted to cause the 
disturbance of male conceptive capacity. Earlier examinations have demonstrated 
that DEP exposure aggravated spermatogenesis, bringing about decrease of every 
day sperm creation and motility, expanded morphological sperm variations from the 
norm, and ultrastructural changes in Leydig cells in mice. In male rodents, the guide-
line of testicular capacity was adjusted bringing about height of serum testosterone 
and decrease of luteinizing hormone (LH) and sperm generation after DEP exposure. 
Scarcely, any epidemiological investigations have detailed regenerative harmfulness 
of xylene. In China, an examination was led on specialists who were presented to 
blended natural solvents in the petroleum business. The aftereffect of this examina-
tion demonstrated that such a blend of natural solvents caused an expansion in the 
commonness of oligomenorrhea. There is another report on ladies uncovered solvents 
containing natural aliphatic and fragrant hydrocarbons. What’s more, exposure to 
these solvents caused antagonistic result on regenerative hormones like decrease of 
pregnanediol 3-glucuronide (pd3G) in corpus luteum stage, pre-ovulatory lutein-
izing hormone (LH), and estrone 3-glucuronide, and higher follicle stage pd3G. In 
addition, the commitment of xylene in the rate of such impact was more than 50%. 
Concerning barrenness, there are a few reports of abatement spermatozoa reasonabil-
ity, and decline motility alongside lower acrosin activity discharge from spermatozoa 
which help in infiltration of the zona pellucida, diminished γ-glutamyl transferase 
activity, lactate dehydrogenase C4 (LDH-C4), and hoist the fructose level because of 
xylene exposure. One investigation showed that 4-nitrophenol (PNP) had estrogenic 
and antiandrogenic activities in vivo, prompting sterility. The amassing of PNP in air, 
water, and soil might be one factor in expanding frequency of sterility in people and 
creatures, yet epidemiologic examinations are pending [27].

3.2.4 Petroleum hydrocarbon on renal system

Different examinations have discovered an expanded sharpness of kidney tubules, 
declined creatinine in the pee and hematuria because of xylene exposure. Kidney 
impacts because of xylene were relied upon focus and portion which led to conglom-
eration of m-xylene in the fats of kidney in the fringe. Other enzymatic exercises and 
expanded relative load of the kidney were additionally distinguished in rodents with 
various centralization of xylene. Histopathological assessment uncovered insignifi-
cant ceaseless renal ailment. However, pee result was common, the essential unfa-
vorable impacts identified was ascending in an adjustment in hyaline bead in male 
rodents and harm of kidney in the female rodents led to cell toxicity [28, 29].
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4. Petroleum hydrocarbon on marine organisms

To begin with, oil spill mishaps could influence marine meteorological condition 
through scattering, disintegration, emulsification, and vanishing of the crude oil. 
When oil is spilled into the ocean, it could spread over the outside of the seawater. 
Some exploration revealed that a huge amount of spilled oil can frame 5 × 106 m2 of 
smooth on the outside of the ocean water. The smooth could hinder the O2/CO2 trade 
straightforwardly and lead to an oxygen consumption and pH change in the ocean 
water. In this manner, a few reports demonstrated that marine desertification was 
brought about by oil spill mishaps. Moreover, oil spill mishaps seriously affect the 
marine/earthbound biological communities and human well-being. For instance, oil 
smooth structures an anaerobic condition in the ocean water and prompts the demise 
of widely varied vegetation. Oil spills can cause hypothermia of marine fowls and well 
evolved creatures by decreasing/decimating the protecting capacity of the plumage 
of feathered creatures and the hide of vertebrates. In the short-term, the poisonous 
establishes in petroleum could toxic substance or slaughter winged animals, well 
evolved creatures, angles and other marine living beings and harm the delicate sub-
merged biological systems which lead to a horrible impact on the worldwide natural 
way of life, and in the long run mischief human well-being by harming inner organs, 
for example, kidneys, lungs, and liver. In addition, oil spill mishaps could influence 
marine plants and farming creation by blocking light and vaporous trade. It is evalu-
ated that half of the all-out seaside wetland misfortune was brought about by oil spill 
mishaps. Finally, the oil contamination in marine condition can cause noteworthy 
financial misfortunes in the travel industry and marine asset businesses, for example, 
beach front salt industry, marine aquaculture, and fishery industry [30].

4.1 Fish

Oil spill mishaps could influence marine meteorological condition by means of 
scattering, disintegration, emulsification, and vanishing of the unrefined petro-
leum. When oil is spilled into the ocean, it could spread over the outside of the 
seawater. Some examination revealed that a huge amount of spilled oil can frame 
59 × 106 m2 of smooth on the surface of the ocean water [31, 32]. The smooth could 
obstruct the O2/CO2 trade straightforwardly and lead to an oxygen exhaustion and 
pH change in the ocean water. Furthermore, smooth could likewise impact water 
vanishing and precipitation in marine condition. Accordingly, a few reports showed 
that marine desertification was brought about by oil spill mishaps. Examines have 
exhibited expanded mortality of fish because of oil spills. Fish eggs and larvae are 
regularly powerless against poisonous oil mixes because of their little size, inef-
fectively created films and detoxification frameworks just as their situation in the 
water segment [33–35]. A research investigations have demonstrated that oil or oil 
mixes (for the most part polycyclic aromatic hydrocarbons, PAHs) at low fixations 
can execute or cause sub-deadly harm to angle eggs and larvae. Sub-deadly impacts 
incorporate, for example, morphological disfigurements, decreased sustaining, and 
development rates, and are probably going to build helplessness to predators and 
starvation. The few existing in situ investigations of fish mortality at spill locales 
demonstrate sub-deadly impacts or raised mortality of eggs and larvae [35].

4.2 Mammals

Marine warm-blooded creatures having an all-around created pelage would be 
relied upon to have oil stick promptly to them. This is upheld by research center 
examinations including ringed seals [36], ocean otters [37], and polar bears [38]. 
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Extra proof incorporates the finding, in zones of spilled oil, of oil-fouled creatures, 
for example, harp seals (Phoca groenlandica) [39], grey seal (Halichoerus grypus) 
[40], and elephant seal puppies (Mirounga angustirostris) [41].

Exploratory introduction ponders in ringed seals and polar bears recognized 
that these species in any event had an incredible ability to discharge hydrocarbons 
collected from its exposure. The flood of ringed seals in an oil smooth brought 
about a take-up of hydrocarbons into tissues as examined beforehand, and likewise 
abnormal states in bile and pee. Renal and biliary discharge instruments gave off 
an impression of being successful to clear blood and most tissues of the gathered 
buildups by 7 days. Further, incredibly high buildup levels were found in pee follow-
ing ingestion of a (14)C-naphthalene named oil [41]. A functioning digestion of the 
oil hydrocarbons, in any event of the aromatic parts, is demonstrated by the way that 
practically the majority of the (14)C-naphthalene movement was available as polar 
water-dissolvable buildups in both plasma and pee. Freedom of retained oil in polar 
bears appeared to happen by method for pee and bile [41]. Renal release officially 
huge in perspective on the high fixations and delayed nearness of oil hydrocarbons in 
pee, was presumably thought little of since the example readiness technique sepa-
rated just dissolvable extractable hydrocarbons which were estimated by fluorom-
etry, like the ringed seal oil inundation ponder. This strategy could not represent 
increasingly polar processed hydrocarbons. Albeit one may theorize that the bio-
chemical instrument for hydrocarbon digestion in marine warm-blooded animals is 
like that of earthly vertebrates and depends on a blended capacity oxygenase frame-
work, few subtleties of such a framework exist. Engelhardt [41] demonstrated that 
the chemical aryl hydrocarbon hydroxylase, one of the blended capacity oxygenases, 
exists in both liver and kidney tissues of ringed seals. Aryl hydrocarbon hydroxylase 
was observed to be inducible by in vivo exposure to unrefined petroleum, especially 
in kidney tissue where the movement of the compound multiplied.

5. Conclusion

Petroleum hydrocarbons may be high-profile events that can result in environ-
mental impacts and affect the lives of living organisms. It is understandable that 
interest will be expressed by both individuals and organizations in knowing what 
damage was done and how long it will take to recover. However, while govern-
ment agencies may have environmental quality monitoring programs in place for 
routine assessment, these will not be designed for large-scale pollution incidents. 
Government agencies that create guidelines for PH substances incorporate the EPA, 
the Nuclear Regulatory Commission (NRC), the Occupational Safety and Health 
Administration (OSHA), and the Food and Drug Administration (FDA). Proposals 
give profitable rules to ensure general well-being, however cannot be authorized by 
law. Government associations that create proposals for PH substances incorporate 
the Agency for Toxic Substances and Disease Registry (ATSDR), Centers for Disease 
Control and Prevention (CDC), and the National Institute for Occupational Safety 
and Health (NIOSH). Guidelines and proposals can be communicated in not-to-
surpass levels in air, water, soil, or nourishment that are generally found on levels 
that influence creatures. At that point, they are acclimated to help ensure individu-
als. Now and then, these not-to-surpass levels contrast among government asso-
ciations in view of various introduction times, the utilization of various creature 
contemplates, or different variables. Despite the fact that there are no bureaucratic 
guidelines or rules for PH by and large, the administration has created guidelines 
and rules for a portion of the PH parts and mixes. These are intended to shield 
people in general from the conceivable hurtful well-being impacts of these PH.
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